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ABSTRACT
A se r ie s  of  experiments i s  presented which demonstrate 
e x t r a p i tu i t a r y  regu la t ion  of  the  circadian rhythm of  plasma c o r t i c o s te r ­
oid concentration in r a t s .  A c ircadian  rhythm of  plasma cort icos te ro id  
concentration was present  in hypophysectomized male r a t s  implanted with 
adrenocort icotropin  and thyroxin ,  indicat ing t h a t  the p i tu i t a r y  i t s e l f  
i s  not e ssen t ia l  f o r  t h i s  rhythm. The dai ly  r i s e  in plasma c o r t i c o s te r ­
oid concentration a t  1800 in hypophysectomized, as well as in i n ta c t ,  
r a t s  was suppressed by in je c t io n  o f  e i t h e r  Nembutal or  a tropine a t  1200. 
The plasma c o r t i co s te ro id  rhythm in hypophysectomized r a t s  resu l ted  from 
a rhythm of  adrenocort ical  responsiveness to ACTH. The rhythm o f  r e ­
sponsiveness in hypophysectomized r a t s  was phase-sh if ted  by invert ing 
the  l igh t -dark  cycle. These experiments ind ica te  th a t  ne i the r  the p i tu ­
i t a r y  nor a plasma adrenocort icotropin  rhythm are  essen t ia l  fo r  se t t ing  
the  phase of the plasma c o r t i c o s te ro id  rhythm in r a t s .
A circadian rhythm of  plasma cort icos te rone  binding a c t iv i t y  was 
present  in male r a t s .  Although t h i s  rhythm may be important in regu la t ­
ing plasma c o r t i c o s te ro id  a c t i v i t y  during the day, i t  does not se t  the 
phase of the rhythm of plasma co r t i co s te ro id  concentrat ion. Disruption 
of  adrenal innervation by au to transp lan t ing  the adrenal glands of  female 
r a t s  or  by spinal cord t r an sec t io n  of male r a t s  abolished the plasma 
c o r t i co s te ro id  rhythms. In add i t ion ,  spinal cord t ransec t ion  abolished 
the  da i ly  va r ia t ion  of adrenocort ica l  responsiveness to exogenous adreno­
co r t ico t ro p in .  These experiments indicate  t h a t  a rhythm of  adrenocor t i ­
cal responsiveness to plasma adrenocort icotropin  depends on in ta c t  adren­
al innervation.  A model i s  proposed whereby a c ircadian  o s c i l l a t o r  in
vi
the hypothalamus co n tro l s  the  plasma c o r t i co s te ro id  rhythm by d i r e c t  
neural pathways between the  o s c i l l a t o r  and the adrenal gland.
The level of  plasma c o r t i c o s te r o id  concentration following e ther  
s t r e s s  was evaluated to  assess  the ro le s  of  plasma adrenocorticotropin 
and adrenal innervat ion  in the e ther  s t r e s s  response. The e ther  s t r e s s  
response was suppressed in hypophysectomized r a t s  implanted with adreno­
co r t ico t rop in  and thyrox in ,  in  spinal cord t ransected r a t s ,  and in r a t s  
with au to transp lan ted  adrenal glands. I t  is  concluded th a t  plasma 
adrenocort icotropin  and adrenal innervation are  both necessary for  a 
maximal e the r  s t r e s s  response.
GENERAL INTRODUCTION
The discovery o f  a da i ly  rhythm of  urinary 17-hydroxycorticosterone 
in man was the  f i r s t  ind ica t ion  of a hormone rhythm (Pincus, 1943).
Since t h a t  r e p o r t ,  much of  the research in the  area o f  c ircadian hor­
mone rhythms has concerned i t s e l f  with the  dai ly  rhythm of plasma cor­
t i c o s t e r o i d  concentra t ion .  A plasma co r t i co s te ro id  rhythm was reported 
f i r s t  in man (Bl iss  e t  al_., 1953), and then in r a t s  (Guillemin e t  a l . , 
1959) and mice (Halberg e t  al_., 1959).
After  1960, the research dealing with the plasma co r t i co s te ro id  
rhythm branched in may d i rec t io ns .  The entrainment of  the rhythm 
by the l ig h t -d a rk  (LD) cycle has been s tudied (Critchlow e t  a l ,
1963; Holmquest e t  aj_, 1966; Scheving and Pauly, 1966; Dunn e t  al ■,
1972; Krieger, 1973; Krieger and Hauser, 1978). Other environmental 
cues which can e n t ra in  the  rhythm are sleep-wakeful ness ( r e s t -  
a c t i v i t y )  cycles  (Martel e t  a l - ,  1962; Orth e t  a]_., 1967; Gibbs,
1976; Morimoto et. al_., 1977) and feeding or watering cycles  (Johnson 
and Levine, 1973; Krieger,  1974; Takahashi e t  al_, 1977; Krieger 
and Hauser, 1978). The development of the rhythm has been studied 
in young animals (Ader, 1969; Krieger, 1972; Ramaley, 1972; Levin 
and Levine, 1975; Miyabo and Hisada, 1975; Ottenweller  and Meier,
1978).
Since the  discovery of  daily  rhythms of adrenocort ico tropin  (ACTH) 
(Ney e t  a ^ . , 1963; Galic ich  e t  a h , 1965; Nichols and Tyler ,  1967; 
Cheifetz  e t  al^., 1968) and co r t ico t ro p in  re leas ing  hormone (CRH) 
(David-Nelson and Brodish, 1969; Hiroshige and Sakadura, 1971; Takebe 
e t  al_., 1972; Hiroshige e t  al_., 1973; Hiroshige and Wada-Okada, 1973;
2Sato and George, 1973), much research has centered  on the  ro le  of  the 
cen tra l  nervous system in the control o f  the  plasma c o r t i c o s te ro id  
rhythm. One approach has been to  c o r r e l a t e  brain  neuro t ransm it te r  
rhythms with plasma c o r t i co s te ro id  rhythms (D ix i t  and Buckley, 1967; 
Scapagnini et. al_., 1971; Simon and George, 1975). Another has been to 
u t i l i z e  agonis ts  and antagonis ts  of  the  n eu ro t ransm it te rs  to a f f e c t  the 
rhythm (Krieger e t  a h , 1968; Krieger and Rizzo, 1969; Hodges and 
Mitchley, 1970; Ulr ich and Ywiler, 1973; Meier and S r ivas tava ,  1975; 
Ferra r i  e t  al_., 1977; Rotsztejn £ t  al_., 1977). Yet another approach 
has been to examine the e f f e c t  of  brain l es ions  on the  rhythm (Moore 
and Quavi, 1971; Moore and Eichler ,  1972; B e l l inger  e t  a l * , 1976; Phelps 
e t  al.-. 1978).
Demonstrations of a daily  rhythm of ACTH in adrenalectomized ra t s  
(Cheifetz e t  al_., 1968) and a da i ly  rhythm o f  CRH in both adrenalec-  
tomized r a t s  (Hiroshige and Sakakura, 1971) and hypophysectomized ra t s  
(Takebe e t  al_., 1972) encouraged the assumption t h a t  a da i ly  rhythm of 
CRH produces a rhythm of  ACTH which in turn dr ives  the  plasma c o r t i c o ­
s te ro id  rhythm (Krieger, 1977). This assumption was challeged by r e ­
ports  of da i ly  rhythms of  plasma c o r t i c o s te r o id  concentra t ion  in hypo­
physectomized animals t h a t  lacked ACTH rhythms (Srivastava  and Meier, 
1972; Meier, 1976). Other research which suggested t h a t  c o r t i c o s te ro id  
production was influenced by other  f ac to rs  in  add i t ion  to  plasma ACTH 
concentrat ion has been reported and la rg e ly  ignored (Voigt, 1944; Ungar 
and Halberg, 1962; Andrews and Folk, 1963; Ungar, 1963; Urquhart, 1965; 
Kovach e t  al_., 1970; L'Age e t  a l . . , 1970; Ventura e t  al_., 1977; Dallman 
e t  a l . , 1978).
The demonstration t h a t  plasma c o r t i c o s t e r o i d  rhythms a re  not
3dependent on plasma ACTH rhythms has ra i sed  the question of how the 
d a i ly  rhythm o f  plasma c o r t i c o s te r o id  concentra tion is  control led.
This d i s s e r t a t io n  presents  the  r e s u l t s  o f  a s e r i e s  of experiments de­
signed to  answer th i s  question and o thers  concerning the plasma c o r t i ­
cos te ro id  rhythm in the r a t .  Experiment I examined the plasma c o r t i ­
cos te ro id  rhythm in hypophysectomized r a t s  implanted with ACTH and 
thyroxin and a lso  the e f f e c t s  of Nembutal and a tropine  on th is  rhythm. 
Experiment II examined the p o s s i b i l i t y  o f  a rhythm of adrenocortical  
responsiveness to ACTH in hypophysectomized r a t s ,  and whether the phase 
of such a rhythm could be en tra ined  by the LD cycle.  Experiment III  
involved measuring plasma c o r t i co s te ro n e  binding a c t i v i t y  throughout the 
day in i n ta c t  r a t s .  Experiment IV examined the p o s s i b i l i t i e s  of neural 
or humoral control of the  plasma c o r t i c o s te r o id  rhythm by au to t rans­
p lant ing  the adrenal glands of  female r a t s .  Experiment V u t i l i z e d  
spinal cord t ransec t ion  to study the  ro le  of adrenal innervation in the 
rhythms of plasma c o r t i c o s te r o id  concentra t ion and adrenocortical  r e ­
sponsiveness to  ACTH. Experiments I ,  IV, and V a lso  examined the ro les  
of plasma ACTH and adrenal innerva t ion  in the plasma co r t ico s te ro id  r e ­
sponse to  e th e r  s t r e s s .
The r e s u l t s  o f  Experiments II  and IV have been published 
(Ottenweller  e t  al_., 1978). A f ter  publ ica t ion  of Ottenweller e t  a l . ,  
o the r  papers re levan t  to these  r e s u l t s  have been published and are  d i s ­
cussed in t h i s  d i s s e r t a t io n .  I t  should be kept in mind th a t  my research 
i s  not a r e p l i c a t io n  of  t h e i r  work, but r a th e r  t h a t  t h e i r  research comes 
a f t e r  my work and supports i t .
EXPERIMENT I
EFFECT OF NEMBUTAL AND ATROPINE ON PLASMA CORTICOSTEROID RHYTHMS 
OF INTACT RATS AND HYPOPHYSECTOMIZED RATS 
IMPLANTED WITH ADRENOCORTICOTROPIN AND THYROXIN
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INTRODUCTION
Daily rhythms of  plasma c o r t i co s te ro id  concen tra t ion  are present  
in hypophysectomized Gulf k i l l i f i s h  (Sr ivastava  and Meier, 1972) and 
hypophysectomized male r a t s  implanted with beeswax p e l l e t s  containing 
adrenocor t ico trop in  (ACTH) and thyroxin (T^) (Meier, 1976). ACTH is  
required fo r  adrenal regeneration in hypophysectomized r a t s ,  and T^ is  
required  fo r  the expression of circadian rhythms which are  re la ted  to 
the plasma c o r t i c o s te r o id  rhythm (Meier, 1976). Meier 's  experiments 
demonstrated th a t  the  plasma c o r t i c o s te ro id  rhythm i s  not  dependent on 
a plasma ACTH rhythm and th a t  the plasma c o r t i c o s te r o i d  rhythm in hypo­
physectomized animals could be phase-sh if ted  by inv e r t in g  the l ig h t -  
dark (LD) cycle.  Inasmuch as the research with r a t s  i s  the basis of 
t h i s  d i s s e r t a t io n  and Krieger (personal communication) could not d up l i ­
ca te  Meier 's  r e s u l t s ,  hypophysectomized male r a t s  were implanted with 
ACTH and T  ^ to confirm Meier's r e su l t s .
The experimental regime d i f fe red  from Meier 's  only in th a t  the 
amounts of  ACTH and T^ in the p e l l e t s  were increased to insure the  pe r ­
s i s te n ce  of the plasma c o r t i co s te ro id  rhythm fo r  a longer period and 
thereby allow the assessment o f  the e f f e c t s  of  Nembutal and a tropine on 
t h i s  rhythm. These a n t ich o l ine rg ic  drugs prevent the  da i ly  r i s e  of 
plasma c o r t i c o s te r o id  concentration in ca ts  (Krieger and Rizzo, 1968) 
and Gulf k i l l i f i s h  (Meier and Srivastava,  1975), i f  in je c te d  a t  sp e c i ­
f i c  times of day. The e f f e c t s  of Nembutal and a t rop in e  on the da i ly  
r i s e  of  plasma c o r t i c o s te r o id  concentration were t e s t e d  in i n ta c t  r a t s  
and hypophysectomized r a t s  implanted with ACTH and T^.
Elevation of  plasma c o r t i c o s te ro id  concentra t ion  following e th e r
s t r e s s  (Cann e t  a K » 1965; Zimmerman and Critchlow, 1967) occurs even 
i f  the  plasma c o r t i c o s te ro id  rhythm has been abolished by frontal  deaf- 
f e r e n ta t io n  o f  the hypothalamus in r a t s  (Halasz e t  al_., 1967) and 
pigeons (Bouille e t  al_., 1975). The e th e r  s t r e s s  response i s  believed 
to  be mediated by re lease  of CRH from the hypothalamus (Sato e t  a l . , 
1975) and subsequent e levation of  plasma ACTH concentration (Allen et_ 
a l .» 1975). To t e s t  th i s  hypotheses, both i n t a c t  r a t s  and hypophysec­
tomized r a t s  implanted with ACTH and T^ were subjected to an ether  
s t r e s s  t e s t .
MATERIALS AND METHODS 
Hypophysectomized young mature male Charles River (CD s ta in )  
alb ino r a t s  (150-200 g) were placed on a 12L:12D regime (onset of 
l ig h t :  0600) fo r  two weeks. In addit ion  a group of  s im ila r  i n ta c t  r a t s  
were acclimated to t h i s  photoperiod. Purina r a t  chow and water were 
ava i lab le  ad l ib i tum . Blood samples were drawn by t a i l  c l ip  a t  1800 
from a l l  r a t s  a t  the  end of  t h i s  period.  On the following day and 
th ree  days l a t e r ,  300 pg ACTH (88 IU/mg) in 0.5 ml sa l ine  (0.9% NaCl) 
was in jec ted  subcutaneously ( s . c . )  in to  the hypophysectomized r a t s .
One week a f t e r  the second ACTH in je c t i o n ,  0.15 g beeswax p e l l e t s  con­
ta in ing  1.5 mg ACTH and 150 pg T^ were implanted s .c .  in to  hypophysec­
tomized r a t s  under l i g h t  e th e r  anes thes ia .  On the fourth day a f t e r  im­
p lan ta t io n ,  blood samples were drawn by t a i l  c l i p  a t  0600 and 1800 (on­
s e t  and o f f s e t  of  l ig h t )  from both hypophysectomized and in ta c t  r a t s .
The next day h a l f  of  the hypophysectomized and in t a c t  r a t s  were 
in jec ted  in t r a p e r i t o n e a l ly  with 40 mg Nembutal (sodium p e n taba rb i ta l ) 
per kg body weight (/kg B.W.) a t  1200, and the other  h a l f  received 0.5 
ml sa l in e .  All r a t s  in both groups were sampled by t a i l  c l i p  a t  1100 
and 1800. The following day the  experimental and control  groups were 
reversed,  and the  same procedure was repeated except t h a t  10 mg a t r o ­
pine su l fa te /k g  B.W., r a th e r  than Nembutal, was in jec ted  s . c .  a t  1200.
On the day following the  a trop ine  study, an e the r  s t r e s s  t e s t  was 
performed a t  1000 on s ix  hypophysectomized and six  i n t a c t  r a t s .  A pre­
s t r e s s  blood sample was drawn by t a i l  c l i p  a t  1000, and the  r a t s  were 
exposed to  an e th e r - s a tu ra te d  atomosphere fo r  30 seconds a t  t h i s  time.
A p o s t - s t r e s s  blood sample was drawn by t a i l  c l i p  one hour a f t e r  the
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e th e r  exposure (1100).
The plasma was separated immediately from a l l  blood samples by 
c e n t r i fu g a t io n  and s to red  a t  -22° un t i l  assayed fo r  c o r t i co s te ro id  con­
cen t ra t io n .  Plasma c o r t i c o s te r o id  concentra tion was assayed by a modi­
f i c a t io n  of  the  competi t ive protein binding procedure (Murphy, 1969). 
Duplicate 10 ul samples were ex trac ted  with 1.0 ml absolute  e thanol ,  and 
the  ethanol e x t r a c t s  were dried under a i r  a t  45°. A standard curve, con­
ta in ing  0 .0 ,  0 .5 ,  1 .0 ,  2 .0 ,  and 3.0 ng co r t icos te rone  in 0.5 ml absolute  
e thanol ,  was prepared in t r i p l i c a t e  and a lso  dried .  One ml CBG-solution, 
conta in ing 1.0% male human plasma and 0.04 pCi t r i t i a t e d  co r t icos te rone  
(47.5 Ci/mmol) in d i s t i l l e d  water, was added to a l l  assay tubes. The 
tubes were shaken fo r  15 seconds using a vortex s t i r r e r  and then incu­
bated in a 45° water bath fo r  5 minutes. The tubes were then removed 
from the water  ba th ,  shaken fo r  15 seconds, and t r an s fe r red  to  a 4° 
water bath fo r  30 minutes. At the end of  t h i s  cold incubation,  30 mg 
FIo r i s i  1 was added to  each tube and the tubes were shaken for  30 sec ­
onds. A fte r  the  FIori  s i  1 had s e t t l e d ,  a 0.5 ml a l iqu o t  was removed from 
each tube and added to  5.0 ml l iq u id  s c i n t i l l a t i o n  f lu id  containing 
0.4% p-terphenyl and 33% Triton X-100 in spectrograde toluene.
The samples were counted to  2% e r r o r  on a Beckman LS-8000, and the 
mean cpm's fo r  r e p l i c a t e s  were expressed as a per cent of the cpm's in 
the  zero tubes of the  standard curve. A standard curve of per cent  of 
zero value versus ng c o r t ico s te ron e  was used to es t imate  the amount of 
c o r t i c o s te r o i d  in th e  samples, and the plasma c o r t i c o s te ro id  concentra­
t io ns  were expressed as ug per 100 ml plasma (pg%). The ex trac t ion  
e f f i c ie n c y  was approximately 100%. The l im i t  o f  d e t e c t a b i l i t y  was 2.0  
pg%, and values which f e l l  below t h i s  were assigned concentrations o f
0.0 pg%. The in t r a - a s s a y  v a r i a b i l i t y  was 3%, and the  in te r -a s sa y  
v a r i a b i l i t y  was 5%. Plasma samples t h a t  were rerun always f e l l  within 
10% of  the  o r ig in a l  determination.
The data  f o r  these  s tud ies  were analyzed using S tudent 's  t  t e s t s  
(Snedecor and Cochran, 1967).
RESULTS
The hypophysectomized r a t s  had no de tec tab le  plasma co r t i co s te ro id s  
a t  1800 before implanting ACTH and T^, ind ica t ing  t h a t  the  hypophysec- 
tomies were success fu l .  Four days a f t e r  implanting ACTH and T^, the 
plasma c o r t i c o s te r o id  concentra tions in these  r a t s  a t  1800 were grea te r  
than those a t  0600 (P< 0.001) (F ig .1) ,  demonstrating the presence of a 
plasma c o r t i c o s te r o id  rhythm in these r a t s .
Plasma c o r t i c o s te r o id  concentra tion a t  1800 in i n t a c t  r a t s  was not 
s ig n i f i c a n t l y  a f fe c te d  by p r io r  sampling alone o r  p r io r  sampling and 
s a l in e  in je c t io n  (Fig. 2). Therefore the rhythm was not a f fec ted  by 
the experimental regime used to  t e s t  the  e f f e c t s  of  Nembutal and a t r o ­
pine on i t .  However, Nembutal in je c t io n  a t  1200 blocked the da i ly  r i s e  
of plasma c o r t i c o s te r o id  concentration a t  1800 in both i n t a c t  r a t s  and 
hypophysectomized r a t s  implanted with ACTH and T^ (Fig. 3) . Nembutal 
in je c t io n  decreased the r i s e  in plasma c o r t i c o s te r o id  concentration 
from 1100 to 1800 as compared with s a l in e  in je c t io n s  ( P< 0 .0 1 ) .  This 
decrease was the  r e s u l t  of lower concentra t ions  a t  1800 (P< 0 .0 5 )  and 
not higher  concentra t ions  a t  1100.
In jec t ions  o f  10 mg/kg B.W. a t rop ine  s u l f a t e ,  but not 1.0 mg/kg 
B.W., a lso  blocked the  da i ly  r i s e  o f  plasma c o r t i c o s te r o id  concentra­
t ion  from 1100 to  1800 in i n t a c t  r a t s  (Fig. 4 ) .  Although the lower 
dose was i n e f f e c t i v e ,  the higher  a t rop ine  dose decreased the r i s e  in 
concentra tion from 1100 to 1800 ( P< 0.01) and lowered the  concentra­
t ion  a t  1800 (PC0.05)  as compared with s a l in e  in j e c t i o n .  In jec t ion  of 
10 mg/kg B.W. a trop ine  s u l f a t e  a lso  blocked the  da i ly  r i s e  of  plasma 
c o r t i c o s te r o id  concentra tion from 1100 to  1800 in hypophysectomized
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ur a t s  implanted with ACTH and (Fig. 5). Atropine in jec t ion s  again 
decreased the r i s e  in plasma c o r t i c o s te r o id  concentra tion from 1100 to 
1800 ( P< 0.01) and lowered the concentrat ions a t  1800 (P< 0.01) as com­
pared with s a l in e  in je c t io n s .
Plasma c o r t i c o s te r o id  concentra t ions one hour a f t e r  e the r  s t r e s s  
were g rea te r  than p r e - s t r e s s  concentra t ions  in i n t a c t  r a t s  (P < 0 .0 1 ) ,  
but t h i s  e th e r  s t r e s s  response was suppressed in hypophysectomized r a t s  
implanted with ACTH and T^ (Fig. 6) .
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Figure 1. Daily rhythm of plasma c o r t i c o s te r o id  concentra t ion in 
hypophysectomized r a t s .  Blood samples drawn a t  0600 and 
1800 four days a f t e r  implanting ACTH and T^. 12L:12D
regime (onset  of l ig h t :  0600). Ten animals per group.
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Figure 2. E ffec t  o f  experimental regime on plasma c o r t i c o s te ro id  
concentra t ions  a t  1800. In tac t  male r a t s  were sampled 
a t  1800 only, sampled a t  both 1100 and 1800, or sampled 
a t  1100, in jec ted  with sa l in e  a t  1200, and sampled a t  
1800. 12L:12D regime (onset of  l ig h t :  0600). Six 
animals per group.
Pl
as
m
a 
C
or
ti
co
st
er
oi
ds
 
(j
jg
%
)
S.E.
2 0 -
15-
10-
5-
1800
Control
1100 1800 
No Injection
1100 1800 
NaCI-1200
Figure 3. Effec t  of Nembutal on plasma c o r t i co s te ro id  rhythms of 
in ta c t  and hypophysectomized ra t s .  Saline (0.5 ml) and 
Nembutal (40 mg/kg B.W.) were in jected  a t  1200 in i n t a c t  
male r a t s  and hypophysectomized male r a t s  implanted with 
ACTH and T^. Blood samples were drawn a t  1100 (AM) and 
1800 (PM). 12L:120 regime (onset o f  l i g h t :  0600). Five
or  s ix  animals per group.
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Figure 4. E f fec t  o f  a trop ine  on the  plasma c o r t i c o s te ro id  rhythm in 
i n t a c t  r a t s .  I n ta c t  male r a t s  were in jec ted  a t  1200 with 
s a l in e  (0.5 ml), 1.0 mg/kg B.W. a tropine  s u l f a t e ,  or  10 
mg/kg B.W. a trop ine  s u l f a t e .  Blood samples were drawn a t  
1100 (AM) and 1800 (PM). 12L:12D regime (onset  of  l i g h t :  
0600). Six animals per group.
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Figure 5. Effec t  o f  a t rop ine  on the plasma c o r t i c o s te r o id  rhythm in 
hypophysectomized r a t s .  Hypophysectomized male r a t s  im­
planted with ACTH and were in jec ted  a t  1200 with sa l ine  
(0.5 ml) or  a t rop ine  s u l f a t e  (10 mg/kg B.W.). Blood samples 
were drawn a t  1100 (AM) and 1800 (PM). 12L:12D regime (on­
s e t  o f  l i g h t :  0600). Five or  s ix  animals per group.
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Figure 6. Ether s t r e s s  response in i n t a c t  and hypophysectomized r a t s .
Blood samples were drawn before (Pre) and one hour a f t e r
(Post)  e th e r  exposure a t  1000 of i n t a c t  male r a t s  and hypo­
physectomized male r a t s  implanted with ACTH and T^. 12L:12D
regime (onset  o f  l i g h t :  0600). Six animals per group.
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DISCUSSION
Daily rhythms o f  plasma c o r t i c o s te r o id  concentra tion have been 
reported  many times in the r a t s  with the peak concentra tion a t  the  o f f ­
s e t  o f  l i g h t  and the trough a t  the  onset of l i g h t  (Guillemin e t  a l . ,  
1959; McCarthy e t  al_., 1960; Critchlow e t  al_., 1963; Scheving and Pauly, 
1966). The c o r t i c o s te r o id  rhythm i s  not dependent on rhythmic re lease  
of  ACTH from the p i t u i t a r y  in e i t h e r  f i s h  or  r a t s  (Srivastava and Meier, 
1972; Meier, 1976). These s tud ies  demonstrated t h a t  the  plasma c o r t i ­
cos te ro id  rhythm in hypophysectomized animals could be phase-sh if ted  by 
inver t ing  the LD cycle ,  in d ic a t in g  t h a t  the  p i t u i t a r y  gland i s  not r e ­
quired to s e t  the phase of  the  rhythm.
The present  study confirms the presence o f  a plasma c o r t i c o s te ro id  
rhythm in hypophysectomized r a t s  implanted with ACTH and T^ (Meier, 
1976). This rhythm was present  on three  consecut ive days in the  same 
animals (contro ls  fo r  Nembutal and a tropine  s tu d i e s ) .  These r e s u l t s  
again ind ica te  t h a t  rhythmic re lease  of ACTH by the  p i t u i t a r y  i s  not 
required  fo r  the  plasma c o r t i c o s te r o i d  rhythm. I t  has been suggested 
t h a t  a da i ly  rhythm of  adrenocor t ica l  responsiveness to plasma ACTH is  
involved in s e t t i n g  the  phase o f  the  plasma c o r t i c o s te r o id  rhythm 
(Ottenweller  e t  a l . ,  1978; Dallman et  ^ aj_.* 1978). Inasmuch as a plasma 
c o r t i c o s te r o id  rhythm occurs in the  presence of  constant  plasma ACTH 
concentra t ions  during the  day in hypophysectomized r a t s  implanted with 
ACTH and T^ (Meier, 1976; the  presen t  s tudy) ,  the  plasma c o r t i c o s te ro id  
rhythm in hypophysectomized r a t s  must be the  r e s u l t  o f  a da i ly  rhythm 
o f  adrenocor t ica l  responsiveness to  plasma ACTH.
Timed in je c t io n s  o f  e i t h e r  Nembutal o r  a t ro p in e ,  which are
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a n t i c h o l in e rg ic  drugs,  abo lish  the d a i ly  rhythm o f  plasma c o r t i c o s te ro id  
concentra t ion  in c a t s  (Krieger e t  al_., 1968) and f i s h  (Meier and 
Sr ivas tava ,  1975). The present  study demonstrates t h a t  these  drugs have 
the  same e f f e c t  in both i n t a c t  r a t s  and hypophysectomized r a t s  implanted 
with ACTH and T^. Because these  drugs abolish  the  plasma c o r t i c o s te r o id  
rhythm in hypophysectomized r a t s ,  t h e i r  e f f e c t  on the  rhythm must be i n ­
dependent o f  an e f f e c t  on ACTH re lease  from the p i t u i t a r y .
That hypophysectomized r a t s  respond to a n t i c h o l in e rg ic  drugs in the 
same manner as i n t a c t  r a t s  suggests t h a t  s im i la r  mechanisms a re  respon­
s i b l e  fo r  the phases of  the plasma c o r t i c o s te r o id  rhythms in both groups. 
This i s  p a r t i c u l a r l y  important  fo r  two reasons. F i r s t ,  i t  means t h a t  
manipulation o f  c en t ra l  nervous system funct ion ,  by such means as 
les ion ing  or  drug adm in is t ra t ion  (Moore and E ich le r ,  1972; Krieger and 
Rizzo, 1969), may a f f e c t  the plasma c o r t i c o s te r o id  rhythm without neces­
s a r i l y  a f f e c t i n g  ACTH sec re t io n  by the p i t u i t a r y .  Secondly, hypophysec­
tomized r a t s  implanted with ACTH and T^ may be a good model fo r  studying 
the control  o f  the  plasma c o r t i c o s te r o id  rhythm without  the  complication 
o f  the plasma ACTH rhythm presen t  in i n t a c t  r a t s .
Elevation o f  plasma c o r t i c o s te r o id  concentra t ion in  repsonse to 
e th e r  s t r e s s  ( e th e r  s t r e s s  response) depends on the i n t e g r i t y  o f  the  
p o s t e r io r  hypothalamic area in r a t s ,  whereas the plasma c o r t i c o s te r o id  
rhythm depends on a n t e r i o r  hypothalamic areas (Slusher ,  1964; Halasz 
e t  a l . , 1967; Palka e t  a l . , 1969). These experiments in d ic a te  t h a t  
separa te  mechanisms regu la te  the  plasma c o r t i c o s te r o i d  rhythm and the 
e th e r  s t r e s s  response,  and the  present  study confirms t h i s .  Although 
some s t r e s s  responses may not requ i re  the  presence o f  the  p i t u i t a r y  
gland (Ventura e t  a l . , 1977), the  r e s u l t s  of the  presen t  study in d ic a te
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t h a t  r e le a se  o f  ACTH from the  p i t u i t a r y  i s  required fo r  a maximal e the r  
s t r e s s  response.
Two mechanisms may explain  the  da i ly  rhythms of  plasma c o r t i c o ­
s t e r o id  concentra t ion  and adrenocort ical  responsiveness to  plasma ACTH 
in the  absence o f  the  p i t u i t a r y  and a plasma ACTH rhythm. One mechanism 
involves the regu la t io n  of adrenal blood flow. Adrenal blood flow a f ­
fe c t s  c o r t i c o s te r o i d  secre t ion  (Bush, 1953; Urquhart,  1965; L'Age e t  a l ., 
1970), and hypothalamic s t im ula t ion  of hypophysectomized dogs a l t e r s  
adrenal blood flow and c o r t i c o s te ro id  sec re t ion  in a s im i la r  manner 
(Kovach e t  al_., 1970). Because both ACTH and t r a n s c o r t in  s t imula te  
c o r t i c o s te r o id  production in v i t r o  (Ungar, 1963; Makoff e t  a l . , 1964), 
the  da i ly  rhythm of adrenocort ica l  responsiveness may be the r e s u l t  of 
a rhythm in the  r a t e  of  adrenal blood flow which may a f f e c t  the  exposure 
o f  adrenocor t ica l  c e l l s  to plasma ACTH or t r a n s c o r t in .
A second poss ib le  mechanism involves control  of  adrenocort ica l  r e ­
sponsiveness by d i r e c t  innervation o f  the  s te ro idogenic  c e l l s  of the 
adrenal co r tex ,  which are  innervated by cho l ine rg ic  nerve f ib e r s  
(Unsicker, 1971; Unsicker e t  al_., 1977). The p o s s i b i l i t y  t h a t  t h i s  i n ­
nervat ion may a l t e r  adrenocor t ica l  responsiveness to  plasma ACTH was 
enhanced by the  f a c t  t h a t  a n t ich o l in e rg ic  drugs abolished the  plasma 
c o r t i c o s te r o id  rhythm in hypophysectomized animals in the  p resent  study. 
However, i t  should be noted t h a t  the  ac t ion  o f  these  drugs may have been 
a t  the  level  o f  the cen t ra l  nervous system and not the adrenal gland.
The two mechanisms presented here may a c t  alone,  or  in connection with 
o the r  f a c t o r s ,  to  produce a da i ly  rhythm o f  ad renocor t ica l  responsive­
ness to  plasma ACTH which dr ives the  plasma c o r t i c o s t e r o i d  rhythm.
EXPERIMENT II
DAILY RHYTHM OF ADRENOCORTICAL RESPONSIVENESS TO EXOGENOUS ACTH 
IN HYPOPHYSECTOMIZED MALE RATS
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INTRODUCTION
A da i ly  rhythm o f  plasma c o r t i c o s te r o id  concentration was present 
in hypophysectomized r a t s  implanted with adrenocort icotropin  (ACTH) and 
thyroxin (T^) (Meier, 1976; Exp. I ) ,  and t h i s  rhythm was phase-shif ted  
by inver t ing  the l ig h t -d a rk  (LD) cycle  (Meier, 1976). Timed in jec t ions  
of  a n t i ch o l in e rg ic  drugs abolished t h i s  rhythm in hypophysectomized 
r a t s  as in i n t a c t  r a t s  (Exp. I ) .
The assumption was made in both Meier's study and Exp. I t h a t  the 
p e l l e t s  maintain plasma ACTH and T^ concentra tions a t  a constant level 
during the day. Because locomotor a c t i v i t y  increases the ra te  o f  lym­
phatic  re tu rn  to the  blood vascu lar  system (Guyton, 1976), the  g rea te r  
plasma c o r t i c o s te r o id  concentra t ion  a t  the onset  of darkness (beginning 
of locomotor a c t i v i t y )  could have been the consequence of g rea te r  ACTH 
concentra tions t h a t  accompany increased lymphatic flow from the p e l l e t s  
to the blood vesse ls  a t  t h i s  time. The present  study measured plasma 
c o r t i c o s te r o id  concen tra t ions  in hypophysectomized r a t s  in response to 
in t r a c a rd ia l  i n je c t io n s  of  ACTH a t  the onset  and o f f s e t  of  l ig h t  to de­
termine i f  a rhythm of  response to  ACTH in jec t io n s  ex is ted  in these an i -  
mlas and i f  such a rhythm could be phase-sh if ted  by inver t ing  the LD 
cycle.  In a d d i t io n ,  the  response of  plasma androgen and T^ to  i n j e c ­
t io n s  of  l e u te in iz in g  hormone (LH) and thyroid  s t imula t ing  hormone (TSH) 
was examined in a s im i la r  manner.
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MATERIALS AND METHODS 
Hypophysectomized young mature Charles River (CD s t r a in )  albino 
male r a t s  (150-200g) were placed on a 12L:12D regime (onset of  l i g h t :  
0600) with Purina r a t  chow and water ava i lab le  ad l ib i tu m . The r a t s  
were sampled a t  1800, and the plasma samples contained no de tectable  
c o r t i c o s te r o id s .  This f a c t ,  in conjunction with the absence of  s i g n i ­
f i c a n t  increases  in body weight and small t e s t e s ,  indicated  the  success 
of  the  hypophysectomies.
The r a t s  were t r e a te d  in preparat ion fo r  t h i s  study with ACTH, TSH, 
human chorionic  gonadotropin (hCG), and pregnant mare serum (PMS) to 
increase  the responsiveness of the adrenal cor tex ,  thyro id ,  and t e s t e s .  
Each p repara tory  in je c t io n  contained 0.05 IU ACTH, 0.2 TSH, 0.25 U hCG, 
and 10.0 U PMS in 0.2 ml 0.9% NaCl and was administered subcutaneously. 
Each r a t  received 9 or 10 preparatory  in jec t io n s  before day 6, when the 
experimental in je c t io n s  were given. The l ig h t -d a rk  (LD) cycle was i n ­
verted  on day 7, and 5 or  6 addit ional  preparatory in je c t io n s  were ad­
minis te red  before experimental in jec t io n s  on day 12. The experimental 
in je c t io n s  contained 0.5 IU ACTH, 0.5 TSH, and 125 pg LH in 0.1 ml 0.9% 
NaCl and were administered i n t r a c a r d i a l l y .  See Table 1 fo r  a summary 
of  the  in je c t io n  schedule.
The times o f  both preparatory  and experimental i n je c t io n s  were 
c a r e f u l ly  chosen. The in je c t io n s  were made a t  the onset  and o f f s e t  of  
the  da i ly  photoperiod. The onset of  l i g h t  i s  the time o f  low plasma 
c o r t i c o s te r o i d  concentra tion whereas concentra tions are  high a t  the 
o f f s e t  o f  l i g h t  (Guillemin e t  al_., 1959; Critchlow e t  a}.., 1963). A 
da i ly  rhythm o f  plasma T^ concentra t ion  was measured in the  plasma
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samples o f  Exp. I l l ;  the  re la t io n sh ip  between the  concentra tions a t  the 
onset  and o f f s e t  o f  l i g h t  i s  s im i la r  to  t h a t  o f  c o r t i c o s te ro id s  (Fig.
1). In c o n t r a s t ,  plasma androgen concentrat ions are  higher a t  the on­
s e t  o f  l i g h t  than a t  the  o f f s e t  (Kinson and Liu, 1973; Wilson e t  a l . ,
1976).
Blood samples were drawn by t a i l  c l i p  immediately before the  ex­
perimental i n je c t io n s  and a t  one and four hours a f t e r  the in je c t io n s .
The plasma was separa ted by c en t r i fug a t ion  and s tored  a t  -22° un t i l  a s ­
sayed. Plasma c o r t i c o s te r o id  and androgen concentrat ions were d e te r ­
mined in the  p r e - in je c t io n  and one hour samples, whereas plasma con­
c e n t r a t io n s  were determined in p re - in jec t io n  and four hour samples.
The data were analyzed s t a t i s t i c a l l y  using S tudent 's  t  t e s t s  (Snedecor 
and Cochran, 1967).
Assay Procedures
C o r t ic o s te ro id  concentra t ions in the plasma samples were assayed 
by a modificat ion o f  the  competi tive pro te in  binding procedure (see 
Exp. I ) .
Plasma androgen concentra t ions  were determined by Nelson Horseman 
using a modif ica t ion o f  the  competit ive protein  binding (CPB) procedure 
(Horton e t  al_., 1967). Plasma samples (25-50 p i )  were e x t rac ted  in 100 
volumes o f  absolu te  e thano l ,  and the e x t r a c t  was dr ied  under a i r  a t  45°. 
Standard amounts of t e s to s te ro n e  (0-50 pg) were prepared in absolute  
ethanol and a lso  dr ied .  This ex t ra c t io n  technique gave high recovery 
of  in te rn a l  s tandard (^/100%) and very low blank values ( < 1 0  pg). One 
ml CPB-solution (0.004 pCi t r i t i a t e d  t e s to s te ro n e ,  0.3% t h i r d  t r im e s te r  
human pregnancy plasma, and 1.0% g e la t in  in 0.1 M phospate b u f fe r ,  pH 
7.4) was added to  a l l  tubes .  The assay tubes were s t i r r e d  on a vortex
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mixer and then incubated a t  22° fo r  15 minutes. At the end o f  the 
incubation period ,  0 .5 ml dextran-coated charcoal so lu t ion  (0.1% Norit 
A and 0.015% Dextran T-70 in 0.1 M phosphate b u f fe r ,  pH 7.4) was added 
to  a l l  assay tubes ,  and the  tubes were cen t r i fuged  immediately a t  2000 
X £  fo r  5 minutes. A 1.0 ml a l iq u o t  of  the  supernatant  was removed and 
added to 10 ml l iq u id  s c i n t i l l a t i o n  f lu id  (0.4% p-terphenyl  and 33%
Triton X-100 in spectrograde to luene) .  The samples were counted to  2% 
e r r o r  on a Beckman LS-8000. The androgen concentra t ions  in the plasma 
samples were est imated from a standard curve o f  cpm versus pg t e s t o s t e r -  - 
one and were expressed as ng/ml.
Plasma T^ concentra t ions  in unextracted plasma were determined by
Blaine Fe r re l l  using a radioimmunoassay procedure (Mitsuma e t  al_., 1972).
The assay procedure was performed in dup l ica te  in 10 X 75 mm disposable
g lass  tubes by the addi t ion  of  0.1 ml sample or standard (d i lu ted  1:2
in b a rb i t a l  d i lu e n t  which contained 0.1% bovine serum albumin in 0.08 M
1 ?5sodium b a r b i t a l ,  pH 8 .4 ) ,  0.1 ml isotope so lu t ion  (50 pg I-T^ in 
b a rb i ta l  d i l u e n t ) ,  0.2 ml ANS so lu t ion  (350 pg 8 -an i l in o - l -nap th a lene  
su l fo n ic  acid in b a rb i ta l  d i l u e n t ) ,  and 0.1 ml T^-antibody so lu t ion  
(antibody d i lu te d  1:100 in b a rb i ta l  d i lu e n t ) .  The assay tubes were 
s t i r r e d  on a vortex mixer and then incubated fo r  90 minutes in a 37° 
water bath. At the  end of  t h i s  incubation per iod ,  the  tubes were t r a n s ­
f e r red  to a 4° water  bath fo r  10 minutes, and then 1.0  ml dextran- 
coated charcoal so lu t ion  (0.5% Nori t  A and 0.05% Dextran T-70 in b a rb i ­
t a l  d i lu e n t )  was added to  each tube. The tubes were s t i r r e d  on a vor­
tex mixer, incubated a t  4° fo r  20 minutes, and then cen tr i fuged  a t  
1000 X £  fo r  15 minutes a t  4°. A 1.0 ml a l iq u o t  o f  the  supernatant  was 
removed and added to 10 ml l iq u id  s c i n t i l l a t i o n  f l u id  (see above). The
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samples were counted to 2% e r r o r  on a Beckman LS-8000. concentrations 
in the  plasma samples were est imated from a standard curve of  cpm versus 
pg and expressed as pg per 100 ml plasma (pg%).
RESULTS
At the time of  the experimental in je c t io n s  on day 6 and 12, there  
was no de tec tab le  ( < 2  pg%) c o s t ic o s te ro id  in any of  the  plasma samples. 
In jec t io n s  o f  ACTH a t  the o f f s e t  o f  l i g h t  on day 6 st imulated an i n ­
crease of  plasma c o r t i c o s te r o id  concentra tion to  14 + 2 pg% one hour 
a f t e r  in je c t io n  (2100), but s im i la r  in je c t io n s  a t  the onset  of  l i g h t  
caused an increase  o f  only 4 t  1 \ig% w i th in 'one  hour (0900) (Fig. 2).
The c o r t i c o s te r o id  concentrat ion a t  2100 was s i g n i f i c a n t l y  g re a te r  than 
th a t  a t  0900 ( P< 0 .01). Five days a f t e r  reversa l  of  the  LD cycle the re  
was a lso  a reversa l  in responsiveness to  ACTH in je c t io n s ;  ACTH i n j e c ­
t ions  a t  the  o f f s e t  of l i g h t  on day 12 induced g re a te r  plasma c o r t i c o ­
s t e r o id  concentra t ions  (22 t  3 pg%) than ACTH given a t  the  onset  of  
l i g h t  (8 + 1 pg%) (Fig. 2). These two groups a lso  d i f f e r  s t a t i s t i c a l l y  
(P < 0 .0 1 ) .
Androgen was not de tec tab le  a t  the  time o f  experimental i n je c t io n s  
on day 6 (LD schedule)  nor a t  the  onset  of  l i g h t  on day 12 (DL sched­
u le ) .  Low concentra t ions  (1.1 t  0.5 ng/ml) were present  a t  the o f f s e t  
o f  l i g h t  on day 12 (Table 2). In c o n t r a s t  to  c o r t i c o s te r o id  responses 
to ACTH i n j e c t i o n s ,  there  was no d i f fe rence  between androgen concentra ­
t io n s  a f t e r  LH in je c t io n s  a t  0600 and 2000. The increases  in plasma 
androgen one hour a f t e r  LH..injections ranged from 2 .0 -2 .4  ng/ml fo r  
t e s t s  made a t  the  onset  and o f f s e t  o f  l i g h t  on both LD and DL cycles .
As might have been expected based on the  da i ly  rhythm o f  plasma 
T^ concentra t ion  in i n t a c t  r a t s  ( P< 0 .0 5 )  (Fig. 1) ,  plasma T^ concen­
t r a t i o n s  were 2.7 t  0.7 pg% a t  the  onse t  o f  l i g h t  and 4 .6  t  0 .7  pg% a t  
the  o f f s e t  o f  l i g h t  on the LD cycle  (Table 2) .  However, t h i s  d i f fe ren ce
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was not s t a t i s t i c a l l y  s ig n i f i c a n t .  On the  DL cycle the  concentrat ions 
were 3.2 t  0 .7  pg% a t  the  onset  of l i g h t  and 3.0 t  0.6 \ig% a t  the  o f f ­
s e t  (day 12). In comparing the responses to  in je c t io n s  o f  TSH made a t  
the onset  and o f f s e t  o f  l i g h t ,  n e i th e r  the plasma concentrat ions four 
hours a f t e r  in je c t io n  nor the increases  in concentra t ion from the time 
of  in je c t io n  varied  s ig n i f i c a n t l y  on e i t h e r  the  LD or DL cycles .
The r e s u l t s  of  t h i s  study ind ica te  t h a t  there  are  no s i g n i f i c a n t  
d i f fe rences  in the  responses of plasma androgen and thyroxin when the 
t ro p ic  hormones (LH and TSH) are  in jec ted  a t  times of  day when plasma 
androgen and thyroxin concentra tions a re  h ighes t  and lowest in normal 
male r a t s .  However, f u r th e r  t e s t s  including o ther  times o f  day fo r  in ­
j e c t i o n s  would be required  to determine whether there  are  da i ly  v a r i ­
a t io ns  of responsiveness to TSH and LH in hypophysectomized r a t s  t h a t  
d i f f e r e d  in phase from those found in i n t a c t  r a t s .
Table 1. Experimental protocol •
Day 1 2 3 4 5 6 7 8 9 10 11
Time 8 20 8 20 8 20 8 20 8 20 8 20 8 20 8 20 8 20 8 20 8 20 8
Photoperiod 0800 - 2000 LD inver ted  2000 - 0800
Group Aa P P P P P P P P P P Ec P P P P P P E
Group B P P P P P P P P P P E P P P P P E
Group C P P P P P P P P P P P E P P P P P P
Group D P P P P P P P P P P E P P P P P
aEach group contained 4 r a t s .
^Each preparatory in je c t io n  (P) contained TSH, ACTH, HCG, and PMS. 
cEach experimental in je c t io n  (E) contained TSH, ACTH, and LH.
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Figure 7 Daily rhythm of plasma thyroxin concentra t ion in i n ta c t  
male r a t s .  14L:10D regime (onset  of  l ig h t :  0600). Six
animals per group.
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Figure 8. Daily v a r i a t io n  in adrenocor t ica l  responsiveness to ACTH 
in je c t io n s  in hypophysectomized r a t s .  Blood was drawn 
one hour a f t e r  ACTH in je c t io n s  a t  the onset  and o f f s e t  of 
l i g h t  on a normal (LD) 12L:12D regime (onset  of  l ig h t :  
0800) and f iv e  days a f t e r  reversa l  o f  the  LD regime (DL). 
Eight animals per group.
CT*
C O
LD
0800
i
2000
DL
S.E.
0800 2000
Tim e of Day
40
Table 2. Plasma t e s to s te ro n e  and thyroxin concentra t ions in 
hypophysectomized r a t s  following in je c t io n s  o f  LH and TSH a t  
the onset  and o f f s e t  o f  l i g h t .
Daily Photoperiod Onset o f  Light9 Offset  of  Lightb
Before0 
LH & TSH
After^ 
LH & TSH
Before0 
LH & TSH
A fte rb 
LH & TSH
TESTOSTERONE 
(ng/ml)
Normal 
(LD 12:12) N.D.e 2 .2+0 .7(7)f N.D. 2.0+0.6(8)
Inverted 
(DL 12:12) N.D. 2.4+0.6(7) 1.1+0.5(6) 3.5+0.2(7)
THYROXIN
(pg*)
Normal 
(LD 12H2) N.D. 5.6+1.7(5) 4.6±0.0(5) 6 .8 -1 .2 (5 )
Inverted 
(DL 12:12) 3.2+0.7(6) 7.4+0.7(6) 3.0±0.6(6) 6.6+1.2(6)
a0800 in the  normal LD 12:12 schedule, 2000 in the  inver ted  schedule.
b2000 in LD, 0800 in DL.
im m edia te ly  before LH and TSH in je c t io n s .
^One hour ( t e s to s t e r o n e  samples) o r  4 hours ( thyroxin)  a f t e r  in j e c t i o n s .  
eNot d e te c tab le .
^Mean + S.E. (no. o f  samples).
DISCUSSION
This study ind ica te s  t h a t  in t rav ascu la r  in je c t io n  o f  ACTH is  
approximately th ree  times more e f f e c t iv e  a t  the  o f f s e t  than a t  the  on­
s e t  o f  l i g h t  in e leva t ing  plasma c o r t i c o s te r o id  concentration in hypo­
physectomized r a t s .  This v a r ia t io n  in adrenocort ica l  responsiveness 
can f u l l y  account fo r  the  d a i ly  rhythm of  plasma c o r t i c o s te ro id  concen­
t r a t i o n  reported  in normal male r a t s .  The r a t i o s  of  high to low con­
c e n t r a t io n s  (3.5 on day 6 and 2.8  on day 12) are  equivalent  to  r a t i o s  
o f  peak to  trough leve ls  of  the plasma c o r t i c o s te r o id  rhythm in i n t a c t  
r a t s  (Guillemin e t  al_., 1959; Critchlow e t  a K , 1963; Meier, 1976; Exp. 
I ) .  These r e s u l t s  a re  a lso  in agreement with the r a t i o  of  peak to 
trough l e v e l s  of  the  da i ly  rhythm of  adrenocort ica l  responsiveness to 
plasma ACTH in i n t a c t  r a t s  (Dallman e t  al_., 1978). Although da i ly  
rhythms o f  plasma ACTH (Nichols and Tyler ,  1967; Cheifetz e t  al_., 1968; 
Krieger, 1977) may be expected to con tr ibu te  toward a plasma c o r t i c o ­
s t e r o id  rhythm, the  present  study supports the  conclusion th a t  the  p las­
ma c o r t i c o s t e r o i d  rhythm does not depend on a dr iv ing  rhythm of  plasma 
ACTH from the p i t u i t a r y  (Meier, 1976; Dallman e t  al_., 1978, Exp. I ) .
Because the re  was no de tec tab le  plasma c o r t i c o s te r o id  in hypophy­
sectomized r a t s  p r io r  to  ACTH in je c t i o n s ,  i t  seems c le a r  t h a t  the  da i ly  
v a r ia t io n  in adrenocort ica l  responsiveness observed following ACTH in ­
j e c t i o n  could not have been a consequence o f  a per iod ic  f lu c tu a t io n  of  
engodenous ACTH from a p i t u i t a r y  remnant or  from any o ther  source. The 
p o s s i b i l i t y  o f  nonsynchronized f ree  running rhythms o f  adrenocort ical  
a c t i v i t y  a t  the  organ level  has a lso  been e l im ina ted .  The rhythms must 
have been synchronized with the  photoperiod to  account f o r  an observable
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rhythm within  the  group ten months following hypophysectorny and for  
reentrainment o f  the  phase f ive  days a f t e r  invers ion of  the LD cycle.  
Thus a mechanism fo r  photope'riodic entrainment o f  the  da i ly  rhythms of  
adrenocor t ica l  responsiveness to plasma ACTH ( the  present  study) and 
plasma c o r t i c o s te r o i d  concentration (Meier, 1976; Exp. I)  i s  s t i l l  pres­
ent  in hypophysectomized r a t s  and there fo re  does not requ ire  the  p res ­
ence of  the  p i t u i t a r y  or  a plasma ACTH rhythm.
EXPERIMENT III
CIRCADIAN RHYTHMS OF PLASMA CORTICOSTERONE BINDING ACTIVITY 
AND PLASMA CORTICOSTEROID CONCENTRATION IN MALE RATS
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INTRODUCTION
The plasma c o r t i c o s te r o id  rhythm i s  caused by a da i ly  rhythm of  
adrenocor t ica l  responsiveness to plasma ACTH (Ottenweller  e t  a l . ,  1978; 
Dallman e t  a lU, 1978; Exp. I ) .  Because c o r t i c o s te ro id s  i n h i b i t  t h e i r  
own syn thes is  (Black e t  al_., 1961) and binding of  ACTH to adrenocort ical  
ce l l  membranes (Latner e t  al_., 1977), plasma binding o f  c o r t i c o s te r o id s  
may be involved in the  rhythm of adrenocort ica l  responsiveness. Protein  
binding o f  c o r t i c o s te r o id s  inhibi ts  t h e i r  negative feedback on ACTH r e ­
lease  by the  p i t u i t a r y  (Kawai and Yates, 1966) and may a l t e r  c o r t i c o ­
s te ro id  syn thes is  from progesterone by adrenocort ica l  t i s s u e  in v i t ro  
(Makoff e t  a l. . ,  1964).
Transcor t in  i s  a plasma pro te in  which binds c o r t i c o s te r o id s  with 
high a f f i n i t y  (Westphal, 1971). This binding inf luences  the a c t i v i t i e s  
of  c o r t i c o s te r o id s  both in vivo (Slaunwhite e t  a l - , 1962; Kawai and 
Yates, 1966; Kel le r  e t  a l . , 1969) and in v i t ro  (Blecher,  1966, Matsui 
and Plager ,  1966). Because a rhythm of  plasma co r t i co s te ro n e  binding 
a c t i v i t y  (CBA: An index o f  t r a n s c o r t in  a c t i v i t y )  may be important in
regu la t ing  the  plasma c o r t i c o s te r o id  rhythm, the  presen t  study examined 
both plasma CBA le v e l s  and c o r t i c o s te r o id  conce r t ra t io n s  in r a t s  a t  s ix  
times o f  day.
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MATERIALS AND METHODS 
Adult male Charles River (CD s t r a i n )  a lb ino r a t s  were placed on a 
14L:1OD regime (onset  o f  l i g h t :  0600) fo r  two weeks with Purina r a t
chow and water  a v a i la b le  ad l ib i tu m . At the  end o f  t h i s  acclimation 
per iod ,  blood samples were drawn by hear t  puncture a t  s ix  times of  day 
under l i g h t  e th e r  anes thes ia .  Plasma was separa ted by cen t r i fu g a t io n  
and s to red  a t  -22° un t i l  assayed.
Plasma c o r t i c o s t e r o i d  concentra t ions  were determined by a modif ica­
t io n  of the  competi t ive pro te in  binding procedure (see Exp. I ) .  Plasma 
CBA lev e ls  were a l so  measured by a competi tive pro te in  binding procedure 
(Pegg and Keane, 1969). Standard amounts of  co r t ico s te ro n e  (0-200 ng) 
in t r i p l i c a t e  were added to 0.4 ng t r i t i a t e d  c o r t ico s te ro ne  (47.5 
Ci/mmol) and 0.04 ml plasma sample in a f ina l  volume of  2.0 ml e thanol-  
s a l in e  so lu t ion  (2% ethanol and 0.9% NaCl in d i s t i l l e d  water) .  The a s ­
say tubes were s t i r r e d  on a vortex mixer, placed in a 45° water bath 
fo r  5 minutes, and then t r a n s fe r r e d  to a 4° water bath fo r  10 minutes. 
0.5 ml dextran coated charcoal so lu t ion  (0.5% Nori t  A and 0.05% Dextran 
T-70 in d i s t i l l e d  water) was added, and the tubes were cen t r i fuged  a t  
2000 X £  fo r  5 minutes a t  4°. A 1.0 ml a l iq u o t  o f  the  supernatant  was 
removed from a l l  tubes and added to  10 ml l iq u id  s c i n t i l l a t i o n  f lu id  
(0.6% 2,5-diphenyloxazole  and 33% Triton X-100 in spectrograde to luene) .  
The samples were counted to 2% e r r o r  with 18% e f f i c ie n c y .  The propor­
t iona l  method was used to  es t imate  plasma CBA lev e ls  and a f f i n i t y  con­
s t a n t s  with co r re c t io n  fo r  non-spec i f ic  binding (Baulieu and Raynaud, 
1970). In te ra ssay  v a r i a b i l i t y  was 7%.
The data fo r  both plasma CBA le v e l s  and c o r t i c o s te r o i d
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concentra t ions  were analyzed s t a t i s t i c a l l y  using Analyses o f  Variance 
and orthogonal polynomials (Snedecor and Cochran, 1967).
RESULTS
The d a i ly  rhythms of  plasma CBA leve ls  and c o r t i co s te ro id  
concentra t ions  in the  r a t  a re  presented in Fig. 1. There was a bimodal 
rhythm o f  plasma CBA with peak lev e ls  a t  1000 and 1800 (P < 0 .0 1 ) .  The 
peak concentra t ion  o f  a unimodal rhythm of  plasma c o r t i c o s te ro id  concen­
t r a t i o n  occurred a t  1800 ( P < 0 .0 1 ) .  The a f f i n i t y  constant  fo r  c o r t i -
O
costerone binding by r a t  plasma a t  4° was 3.7 X 10 1/mol; t h i s  value 
did not vary s i g n i f i c a n t l y  during the day.
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Figure 9. Daily rhythms of  plasma CBA lev e ls  and c o r t i co s te ro id  
concentra t ions  in male r a t s .  14L:1OD regime (onset of 
l i g h t :  0600). Closed c i r c l e s :  CBA; open c i r c l e s :
c o r t i c o s te r o id  concentrat ions.  Eight animals per group.
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DISCUSSION
C ort ico s te ro id  i s  present  in the  plasma in th ree  forms: Unbound,
bound to t r a n s c o r t i n ,  or  bound to  albumin (Slaunwhite and Sandberg,
1959). These th ree  forms e x i s t  in an equil ibrium t h a t  g rea t ly  favors 
the  binding o f  c o r t i c o s te r o id  to t r a n s c o r t in  (Daughaday, 1957).
Changes in plasma CBA lev e ls  as well as c o r t i c o s te r o id  concentrat ions 
might be expected to a l t e r  the  amount of unbound and bound c o r t i c o ­
s t e r o id  in the  plasma. Unbound plasma c o r t i c o s te r o id  i s  the  ac t ive  
moiety in e leva t ing  l i v e r  glycogen (Slaunwhite e t  a l - , 1962), feedback 
on ACTH re le a se  (Kawai and Yates, 1966), i n h ib i t in g  glucose oxidation 
in mouse ear  s t r i p s  and r a t  adipocytes (Matsui and Plager , 1966;
Blecher,  1966), and s t im ula t ing  pancrea t ic  a lanine  aminotransferase 
(Kelle r  e t  al_., 1969). However, plasma c o r t i c o s te r o id  bound to t r a n s ­
c o r t in  s t im u la te s  hepat ic  a lanine  aminotransferase (Keller  e t  a l . ,
1969) and has a negat ive ionotropic  e f f e c t  on card iac  t i s s u e  
(Richardson and Yates, 1964). Because plasma binding a f f e c t s  c o r t i c o ­
s t e r o id  a c i t i v i t y ,  a da i ly  rhythm of  plasma CBA may be expected to im­
pose da i ly  v a r i a t io n s  in c o r t i c o s te r o id  a c t i v i t y .
In add i t ion  to the  plasma CBA rhythm in r a t s  reported  in t h i s  
study, rhythms o f  plasma CBA have been found in humans (Angeli e t  a l . ,  
1975), chickens (Siegel e t  al_., 1977), w hi te - th roa ted  sparrows (Meier 
e t  al_., 1978), and mice (Ottenweller  e t  al_., 1979). The source of 
these  rhythms is  not  immediately apparent. The h a l f - l i f e  of  plasma 
t r a n s c o r t in  in humans has been est imated a t  4-6 days (Sandberg e t  a l . ,
1960). Although the  h a l f - l i f e  of  t r a n s c o r t in  i s  not a v a i la b le  fo r  r a t s ,  
a longevi ty  comparable to human t r a n s c o r t in  would imply t h a t  changes in
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the r a t e  o f  syn thes is  and/or  degradation cannot completely account fo r  
the  changes in plasma CBA l e v e l s  in  r a t s  during the  day.
Transcort in  i s  found in both plasma and i n t e r s t i t i a l  f lu id  
(Sandberg e t  a l . , 1960), and i t  has been suggested th a t  the plasma CBA 
rhythm r e s u l t s  in  p a r t  from changes in the  d i s t r ib u t io n  o f  t ran sco r t in  
between the  plasma and i n t e r s t i t a l  f l u id  (Meier e t  a l . ,  1978). This 
d i s t r i b u t i o n  i s  presumably r e l a te d  to the  permeabil i ty  of c a p i l l a r i e s  
to t r a n s c o r t in  and the  r a t e  o f  lymphatic re tu rn  o f  t r an sco r t in  to  the 
plasma. A decreased c a p i l l a r y  permeabil i ty  to  t r an sco r t in  r e s u l t s  in 
increased re te n t io n  of  t r a n s c o r t in  in the  plasma. Under t h i s  condition 
i f  lymphatic flow continues to  add t r a n s c o r t in  to  the  plasma, plasma 
CBA le v e l s  w il l  increase .  C or t icos te ro ids  a re  known to  decrease c a p i l ­
la ry  permeabi l i ty  to  pro te ins  (Leme and Wilhelm, 1975) and are  often 
e ievated  a t  the  time of peak locomotor a c t i v i t y  (Halbert e t  al_., 1959). 
I t  i s  well known th a t  a c t i v i t y  increases  the  ra te  of  lymphatic re turn  
(Guyton, 1976). Therefore increases in locomotor a c t iv i t y  which are  as 
soc ia ted  with increased plasma c o r t i c o s te r o id  concentration may be ex­
pected to  increase  plasma CBA lev e ls .
Plasma CBA in r a t s  increases  near the  onset  o f  darkness, v>;.ich is  
a time of increased locomotor a c t i v i t y  and plasma c o r t i co s te ro id  concen 
t r a t i o n  in these  animals. The smaller  peak in r a t  plasma CBA a t  1000 
may be the r e s u l t  of  increased locomotor a c t i v i t y  associated with the  
d is turbance  o f  cage c leaning. In man, whose locomotor a c t i v i t y  and 
plasma c o r t i c o s t e r o i d  concentra t ion  r i s e  in the  morning, plasma CBA is  
highes t  a t  t h i s  time (Angeli e t  al_., 1975). In the  photosensi t ive  
(spr ing)  w hi te - th roa ted  sparrow, two peaks o f  plasma CBA coincide with 
peaks o f  locomotor a c t i v i t y  and plasma c o r t i c o s te r o id  concentration
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(Meier a h , 1978). In chickens, the  plasma c o r t i c o s te ro id  rhythm 
a n t i c ip a te s  the plasma CBA rhythm by th ree  hours with the  peak in p la s ­
ma CBA occurring near the onset  o f  darkness (Siegel e t  al_., 1977). The 
da i ly  rhythm of  plasma CBA appears to  be re la te d  in p a r t  to  locomotor 
a c t i v i t y ,  which may a f f e c t  the  r a t e  of  lymphatic re tu rn  o f  t ran sco r t in  
to the plasma, and in p a r t  to  plasma c o r t i c o s te r o id  concentra t ion ,  
which may a f f e c t  the  c a p i l l a r y  permeabil ity  and thereby the r a te  of 
t r a n s c o r t in  movement from the plasma in to  the  i n t e r s t i t i a l  f lu id .
Inasmuch as the  unbound plasma c o r t i c o s te r o id  i s  the  ac t ive  moiety 
in the negative feedback of  plasma c o r t i c o s te r o id  on ACTH secre t ion  
(Kawai and Yates, 1966) and the plasma c o r t i c o s te r o id  rhythm i s  not de­
pendent on rhythmic re lease  of  ACTH from the p i t u i t a r y  (Meier, 1976; 
Ottenweller  e t  a U , 1978), the  question a r i s e s  as to the ro le  of the 
plasma CBA rhythm in the regu la t ion  o f  the  plasma c o r t i c o s te ro id  rhythm. 
Elevated plasma CBA leva ls  and c o r t i c o s te ro id  concentra t ions in female 
r a t s  a re  dependent on est rogen (Sandberg and Slaunwhite, 1959; Gala and 
Westphal, 1965), and the e f f e c t  o f  estrogen on CBA lev e ls  appears to 
precede i t s  e f f e c t  on c o r t i c o s te r o id  concentra t ion (Sandberg e t  a l . ,
1960). However, the  e f f e c t  of  estrogen on CBA leve ls  i s  dependent on 
the  presence o f  the p i t u i t a r y  (Kawai and Kuzuya, 1972), whereas the 
plasma c o r t i c o s te r o id  rhythm can occur in the  absence of the  p i t u i t a r y  
(Meier, 1976; Exp. I ) .  Also the plasma CBA rhythm lags behind the cor­
t i c o s t e r o i d  rhythm in the chicken (Siegel e t  a h , 1977), and in the 
pho to ref rac to ry  (summer) whi te - th roa ted  sparrow a d a i ly  rhythm of  p la s ­
ma CBA occurs in the  absence o f  a plasma c o r t i c o s te r o id  rhythm (Meier, 
unpublished da ta ) .  Although the da i ly  rhythms o f  plasma CBA lev e ls  and 
c o r t i c o s te r o id  concentra t ions  a re  c lose ly  a s so c ia ted ,  i t  appears th a t
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the plasma CBA rhythm does not d i r e c t l y  control  the  plasma cort icos te ro id  
rhythm.
The d a i ly  v a r i a t io n  o f  plasma CBA may a c t  in two ways to  a l t e r  the 
e f f e c t  of  plasma c o r t i c o s t e r o i d  during the day. Protein  binding of  
s te ro id  hormones i s  known to  a l t e r  t h e i r  c learance from the plasma 
(Westphal, 1971). The peak o f  plasma CBA ( th i s  study) coincides with 
the time o f  the lowest c learance  r a t e  o f  c o r t i c o s te ro id  from the plasma 
(Saba e t  al_., 1963). Therefore the  plasma CBA rhythm may be important 
in regu la t ing  the length  of  time t h a t  a surge o f  c o r t i co s te ro id  sec re ­
t ion  r e s u l t s  in e leva ted  plasma c o r t i c o s te r o id  concentra tions.  Second­
ly ,  protein-bound plasma c o r t i c o s te r o id  i s  l im i ted  in i t s  s i t e  o f  action 
to those t i s s u e s  with protein-premeable vascular  beds (Keller  e t  a l . ,  
1969). Therefore changes in the  r e l a t i v e  concentra tions of  bound and 
unbound plasma c o r t i c o s t e r o i d ,  caused by changes in plasma CBA leve ls  
during the  day, m a y 'a l t e r  the s i t e  o f  act ion o f  plasma c o r t i co s te ro id  
during the  day. At times o f  day when plasma CBA i s  e levated and more 
c o r t i c o s te r o id  i s  in the  bound form, the  primary s i t e  o f  action of  cor­
t i c o s t e r o i d  would be those t i s s u e s  with protein-permeable vascular beds 
( l i v e r ,  h ea r t ,  e t c . ) .  At o th e r  times o f  day when plasma CBA i s  de­
pressed and the concen tra t ion  o f  the  unbound form increases ,  c o r t i c o ­
s t e r o id  will  have g r e a t e r  a c t i v i t y  in t i s s u e s  with protein-impermeable 
vascular  beds (pancreas,  b ra in ,  e t c . ) .
The timing o f  the  plasma c o r t i c o s te r o id  rhythm i s  important in the 
regu la t ion  of  many physiological  and behavioral parameters (Meier, 1975). 
Because e i t h e r  the  bound or  the  unbound plasma c o r t i c o s te r o id  may be the 
phys io log ica l ly  a c t iv e  form, i t  i s  important to  consider  the i n t e r r e l a ­
t io n sh ip  between the  d a i ly  rhythms o f  plasma c o r t i c o s te r o id  concentration
and CBA leve ls  to  assess  the  timing o f  peak phys io log ica l ly  ac t i  
plasma c o r t i c o s te r o id .
EXPERIMENT IV
ADRENAL INNERVATION AND THE DAILY RHYTHM 
OF PLASMA CORTICOSTEROID CONCENTRATION IN FEMALE RATS
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INTRODUCTION
After  i t  was concluded t h a t  the  plasma CBA rhythm does not control  
d i r e c t l y  the  plasma c o r t i c o s te r o id  rhythm (Exp. I l l ) ,  another approach 
was taken. The d a i ly  rhythm of  adrenocort ica l  responsiveness to ACTH 
(Exp. I I )  must be c o n t ro l le d  by humoral or  neural mechanisms. Neural 
pathways in the spinal  cord have been implicated in the control  o f  the 
plasma c o r t i c o s te r o id  rhythm (Allen and Allen, 1975). Exp. IV was de­
signed to d i s t in g u is h  between the p o s s i b i l i t i e s  of  neural and humoral 
control by au to t ran sp la n t in g  adrenal glands beneath the kidney capsule.
Transplanted adrenal glands resume stero idogenes is  a f t e r  revascu­
l a r i z a t i o n  (Grollman, 1957; Mason e t  a \_., 1958). Therefore r a t s  with 
au to t ransp lan ted  adrenal glands, which have been revascular ized but not 
re innervated ,  p resen t  a system by which humoral and neural control of 
the plasma c o r t i c o s te r o id  rhythm might be d is t inguished .  Therefore 
d a i ly  p a t t e rn s  o f  plasma c o r t i c o s te r o id  concentration were measured in 
i n t a c t  female r a t s  and in female r a t s  with auto transplanted  adrenal 
glands. Both i n t a c t  and au to t ransp lan ted  r a t s  were a lso  subjected to 
an e th e r  s t r e s s  t e s t  to  evaluate  the ro les  of  adrenal innervation and 
ACTH re lease  by the  p i t u i t a r y  in t h i s  response (see Exp. I ) .
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MATERIALS AND METHODS
Adult female Charles River (CD s t r a i n )  albino r a t s  were placed on 
a 12L:12D regime (onset  o f  l ig h t :  0600) with Purina r a t  chow and tap
water  a v a i la b le  ad l ib i tu m . One group of  these r a t s  had both adrenal 
glands removed and au to t ransp lan ted  beneath the kidney capsules under 
Nembutal anes thes ia  (40 mg/kg B.W.), and the other  group served as un­
operated con tro ls .  The r a t s  with auto transplanted  adrenal glands were 
maintained on s a l in e  drinking water  (0.9% NaCl) fo r  one week following 
surgery and then provided only tap water  fo r  two weeks. Survival of 
these  r a t s  on tap  water indica ted  t h a t  they were capable of  s a l t  r e ten ­
t ion  and th e re fo re  had funct ional  adrenal c o r t i c e s .  Blood samples were 
drawn by t a i l  c l i p  a t  s ix  times o f  day from both groups of r a t s  th ree  
weeks a f t e r  surgery on the au to t ransp lan ted  r a t s .  One week l a t e r  s ix  
r a t s  from each group were subjected to  an e ther  s t r e s s  t e s t .  Blood 
samples were drawn by t a i l  c l i p  a t  1000, the ra t s  were exposed to an 
e th e r - s a tu r a t e d  atomosphere fo r  30 seconds, and another blood sample 
was drawn one hour l a t e r  (1100).
Plasma was separa ted  from a l l  blood samples by cen t r i fuga t ion  and 
s tored  a t  -22° u n t i l  assayed fo r  c o r t i c o s te ro id s  by a modif ication of 
the  competi t ive p ro te in  binding procedure (see Exp. I ) .  The r e s u l t s  of 
the  rhythm study were analyzed s t a t i s t i c a l l y  by Analyses of Variance 
and those o f  the  e th e r  s t r e s s  t e s t  by S tuden t ' s  t  t e s t s  (Snedecor and 
Cochran, 1967).
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RESULTS
A da i ly  rhythm of  plasma c o r t i c o s te ro id  concentration was present  
in i n t a c t  r a t s  (P < 0 .0 0 1 ) ,  but not  in r a t s  with auto transp lan ted  
adrenal glands (F = 0.34 with 5, 36 d . f . ) (Fig. 1).  The plasma c o r t i ­
c o s te ro id  concentra t ion  a t  1800 in au to transp lan ted  r a t s  was le s s  than 
th a t  of  i n t a c t  r a t s  (P < 0 .0 1 ) ,  and the  concentration a t  0600 was higher 
in au to t ransp lan ted  r a t s  but not s i g n i f i c a n t l y  so. Therefore i t  ap­
pears t h a t  trough concentra t ions (0600) were e levated  and peak concen­
t r a t i o n s  (1800) depressed a f t e r  adrenal au to t ransp lan t ,  so th a t  i n t e r ­
mediate concentra t ions  were present  throughout the  day.
Plasma c o r t i c o s te r o id  concentra tions  were e levated in i n t a c t  female 
r a t s  in response to  e th e r  s t r e s s  (P < 0.01) (Fig. 2) .  However, the  e ther  
s t r e s s  response in au to t ransp lan ted  r a t s  was suppressed (P = 0 .08).
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Figure 10. Daily pa t te rns  o f  plasma c o r t i c o s te r o id  concentrat ion in 
i n t a c t  female r a t s  ( i n t a c t  co n tro l )  and female r a t s  with 
au to t ransp lan ted  adrenal glands. 12L:12D regime (onset 
of  l i g h t :  0600). Seven or  e ig h t  animals per group.
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Figure 11. Ether s t r e s s  response in i n ta c t  females and females with 
adrenal a u to t ran sp lan ts .  Blood was drawn before (Pre) and 
one hour a f t e r  (Post) e the r  exposure a t  1000. 12L:12D
regime (onset of  l ig h t :  0600). Six to e igh t  animals per
group.
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DISCUSSION
A uto transp lan ting  the  adrenal glands o f  female r a t s  beneath the 
kidney capsule  r e s u l te d  in lo ss  o f  the  da i ly  rhythm of  plasma c o r t i c o ­
s t e r o id  concen tra t ion .  Because au to t ransp lan ted  adrenal glands presum­
ably had been revascu la r ized  but not re innerva ted ,  these r e s u l t s  in d i ­
ca te  t h a t  adrenal innervation i s  necessary fo r  maintainence of  the 
rhythm. This conclusion i s  supported by r e s u l t s  demonstrating th a t  
t r an sec t io n  of  the  spinal  cord in r a t s  causes loss  of  the plasma c o r t i ­
cos te ro id  rhythm (Allen and Allen, 1975). In addit ion ,  d i r e c t  neural 
regu la t ion  of  the  adrenal cortex  has been implicated in the  compensa­
to ry  adrenal  hypertrophy following c o n t r a la t e r a l  adrenalectomy 
(Engeland and Dallman, 1975).
A d a i ly  rhythm of  adrenocort ica l  responsiveness to plasma ACTH is  
abolished by p-chlorophenyla lanine (PCPA) in sp i t e  of the pers is tence  
of  a plasma ACTH rhythm (Dallman e t  al_., 1978). Other serotonin antag­
o n i s t s  abo lish  the plasma c o r t i c o s te ro id  rhythm (Krieger and Rizzo,
1969), but the  e f f e c t  of  PCPA on the rhythm i s  not as c le a r  (Scapagnini 
e t  aj_., 1971). Inasmuch as adrenalectomy does not abolish  the  plasma 
ACTH rhythm in r a t s  (Cheifetz  e t  al_., 1968), i t  i s  probable t h a t  a daily 
rhythm o f  plasma ACTH was present  in adrenal au to transp lan ted  r a t s .  I f  
such i s  the case ,  the  r e s u l t s  of  the  present  study confirm previous r e ­
s u l t s  which in d ica ted  t h a t  a plasma ACTH rhythm does not necessa r i ly  
cause a plasma c o r t i c o s t e r o i d  rhythm (Ottenweller  e t  a h , 1978).
Ether s t r e s s  e le v a te s  plasma ACTH concentra tions in adrenal au to ­
t r an sp lan ted  r a t s  in the  same manner as i n t a c t  r a t s  (Allen e t  a l . ,
1975). Inasmuch as the  e th e r  s t r e s s  response was suppresssed in adrenal
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a u to t ransp lan ted  r a t s ,  some ro le  o f  adrenal innervation in the  e the r  
s t r e s s  response may be ind ica ted .  The r e s u l t s  o f  the  present  study 
suggest  t h a t  adrenal innerva t ion  s t imula tes  adrenocor t ica l  responsive­
ness to ACTH re leased  by e th e r  s t r e s s .  Therefore both adrenal innerva­
t io n  and ACTH re le a se  a re  required for  a maximal e th e r  s t r e s s  response.
Much work has been done concerning hypothalamic influences on the 
plasma c o r t i c o s te r o id  rhythm with the assumption t h a t  the hypothalamus 
exer ts  i t s  inf luence on plasma c o r t i c o s te r o id  concentra tion by r e g u la t ­
ing p i t u i t a r y  se c re t ion  o f  ACTH (Halasz e t  a U , 1967; Krieger,  1977). 
However, hypothalamic s t im ula t ion  i s  capable of  increasing c o r t i c o s t e r ­
oid sec re t io n  by the adrenal gland in the absence of  the p i t u i t a r y  
(Kovach e t  al_., 1970). Thus hypothalamic control  of  the plasma c o r t i c o ­
s t e r o id  rhythm may be mediated by a neural pathway from the hypothala­
mus to the  adrenal gland which includes f i b e r s  in the  spinal cord (Allen 
and Allen,  1975). Neural s igna ls  to the adrenal cortex  may se t  a 
rhythm of  adrenocor t ica l  responsiveness to  plasma ACTH (Ottenweller  e t  
a l . ,  1978). This rhythm of  responsiveness i s  en tra ined  by the photo­
period and may have a major ro le  in s e t t i n g  the  phase of  the  plasma cor ­
t i c o s t e r o i d  rhythm.
EXPERIMENT V
DISRUPTION OF ADRENAL INNERVATION ABOLISHES THE PLASMA CORTICOSTEROID 
RHYTHM AND THE DAILY VARIATION OF ADRENOCORTICAL RESPONSIVENESS TO ACTH
IN MALE RATS
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INTRODUCTION
The da i ly  rhythm o f  plasma c o r t i c o s te ro id  concentra t ion  i s  caused 
by a d a i ly  rhythm o f  adrenocort ical  responsiveness to plasma adrenocor- 
t i c o t ro p in  (ACTH) (Ottenweller e t  a l . ,  1978; Dal lman e t  al^., 1978) and 
depends on i n t a c t  innervation of the adrenal gland (Allen and Allen, 
1975; Exp. IV). Because of uncer ta in ty  as to  the  degree of  regenera tion 
of  the  au to t ransp lan ted  adrenal glands in Exp. IV, another method was 
used to d is ru p t  adrenal innervation.  Spinal cord t r an sec t io n  was used 
to  examine the ro le  o f  adrenal innervation in the  plasma c o r t i c o s te r o id  
rhythm, the  da i ly  v a r ia t io n  of adrenocort ical  responsiveness to  ACTH, 
and the e th e r  s t r e s s  response.
The nerve supply of  the adrenal gland has been implicated in the 
control  of adrenocor t ica l  function (Kovach e t  al_., 1970; Allen and 
Allen, 1975; Engeland and Dallman, 1975). Nerve f ib e r s  innerva t ing  the 
adrenal cortex e x i t  the spinal cord a t  the  l ev e ls  of  the n in th ,  te n th ,  
and eleventh th o rac ic  vertebrae  (T-9 through T - l l )  (Kiss , 1951). Spinal 
cord t ran sec t io n  above t h i s  area a t  the  T-5 l e v e l ,  but not a t  the  level 
of  the f i r s t  lumbar vertebrae  (L - l ) ,  abolishes  the  plasma c o r t i c o s te r o id  
rhythm in r a t s  (Allen and Allen, 1975). In the  presen t  s tudy, an a t ­
tempt was made to  confirm these  r e s u l t s  by t r a n s e c t in g  the  spinal  cords 
of  male r a t s  a t  the  T-7 or  L-l l eve ls  and measuring the  plasma c o r t i c o ­
s t e r o id  concentra t ion  a t  s ix  times o f  day.
A da i ly  rhythm o f  adrenocort ica l  responsiveness to  ACTH i s  present  
in vivo (Haus, 1964; Sadow e t  al_., 1974; Singh e t  al_., 1975; Yasuda e t  
a l . ,  1976; Dallman e t  a h , 1978) and in v i t r o  (Ungar and Hal berg, 1962; 
Ungar, 1963; Haus, 1964). The present  study examined the  d a i ly
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v a r i a t io n  in adrenocort ica l  responsiveness to exogenous ACTH in i n ta c t  
and spinal  cord t ransec ted  (T-7 and L-l)  ra t s  in an attempt to  demon­
s t r a t e  neural control  of t h i s  rhythm.
The e leva t io n  o f  plasma c o r t i c o s te ro id  concentration in response 
to e th e r  s t r e s s  was examined in i n t a c t  and spinal cord t ransec ted  r a t s  
to  evaluate  the  ro le s  of  adrenal innervation and ACTH re lease  by the 
p i t u i t a r y  in the e th e r  s t r e s s  response (see Exps. I and IV).
MATERIALS AND METHODS 
Adult male Charles River (CD s t r a i n )  albino r a t s  were placed on a 
12L:12D regime (onset  o f  l i g h t :  0600) with Purina r a t  chow and water
ava i lab le  ad l ib i tu m . The r a t s  were divided in to  th ree  groups. The 
spinal cords of  one group were t ransec ted  a t  the T-7 level under 
Nembutal anesthesia  (40 mg/kg B.W.), and those of a second group a t  the 
L-l l eve l .  The t h i r d  group o f  r a t s  served as unoperated contro ls .  Be­
cause nerve f ib e r s  t h a t  innervate  the adrenal cortex e x i t  the spinal 
cord a t  leve ls  T-9 through T- l l  (Kiss , 1951), neural innervation of  the 
adrenal cortex was d is rup ted  in T-7 t ransec ted  r a t s  but not in L-l t r a n ­
sected r a t s  which served as operated con tro ls .  The success o f  cord 
t ransec t ion  was judged by loss  o f  motor and sensory funct ion in the 
hind limbs of  the  r a t s .
One week a f t e r  surgery ,  blood samples were drawn by t a i l  c l ip  a t  
s ix  times of  day (every four hours) from a l l  th ree  troups of r a t s  to 
examine the da i ly  p a t te rn s  of c o r t i c o s te r o id  concentra tion.  One week 
l a t e r ,  the da i ly  v a r i a t io n  in adrenocor t ica l  responsiveness to  ACTH in ­
j e c t io n s  was examined in a l l  th ree  groups. Half the  r a t s  of  each group 
were in jec ted  i n t r a p e r i t o n e a l l y  a t  0600 with e i t h e r  2.0 III ACTH (in 0.5 
ml 0.9% NaCl) o r  0.5 ml 0.9% NaCl. The o ther  h a l f  received ACTH or 
NaCl a t  1800. Blood samples were drawn by t a i l  c l i p  one hour a f t e r  in-  
nect ions .  One week a f t e r  t h i s  study, s ix  r a t s  from each group were sub­
j ec te d  to  an e th e r  s t r e s s  t e s t .  Blood samples were drawn by t a i l  c l ip  
a t  1000, the  r a t s  were exposed to  an e th e r - s a tu r a te d  atmosphere fo r  30 
seconds, and another  blood sample was drawn one hour l a t e r  (1100).
Plasma was separa ted  from a l l  blood samples by c en t r i fu g a t io n  and
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stored  a t  -22° u n t i l  assayed fo r  c o r t i c o s te ro id s  by a modif ication of- 
the competi t ive pro te in  binding procedure (see Exp. I ) .  The data were 
analyzed s t a t i s t i c a l l y  using Analyses o f  Variance and Duncan Multiple 
Range t e s t s  (Snedecor and Cochran, 1967).
RESULTS
Similar  plasma c o r t i c o s te ro id  rhythms were present  in in ta c t  
control and L-l t ran sec ted  r a t s  ( P < 0 .0 5 ) ,  but not in T-7 t ransected 
r a t s  (Fig. 1).  Although a rhythm was present  in L-l t ransected ra t s  
and absent  in T-7 t ransec ted  r a t s ,  the  mean concentration during the 
day (average of  concentra tions  a t  the  s ix  sampling times) was not s i g ­
n i f i c a n t l y  d i f f e r e n t  between these groups (L-l:  7.7 ugX; T-7: 8.3 ug%);
ind ica t ing  s im i la r  cap a c i t i e s  to maintain plasma co r t icos te ro id  concen­
t r a t i o n  in these  two groups. The lack o f  a rhythm in T-7 t ransected 
r a t s  apparent ly  r e su l te d  from decreased peak concentrations and in ­
creased trough concentra tion during the  day as compared with L-l t r a n ­
sected r a t s .
ACTH in je c t io n s  re su l ted  in s ig n i f i c a n t ly  g rea te r  plasma c o r t i c o ­
s t e r o id  concentra t ions  than sa l in e  in je c t io n s  ( P< 0.05) in a l l  groups 
except a t  0600 in i n t a c t  and T-7 t ransec ted  r a t s ,  indicat ing  a sp ec i f ic  
c o r t i c o s te r o id  response to ACTH (Fig. 2). Saline in jec t ions  a t  1800 
r e su l te d  in s i g n i f i c a n t l y  g rea te r  plasma c o r t i co s te ro id  concentrations 
than sa l in e  in je c t i o n s  a t  0600 (P< 0 .05 )  in i n t a c t  r a t s  but not in 
e i t h e r  group of  t ransec ted  r a t s .  However, ACTH in jec t ions  a t  1800 r e ­
su l ted  in s i g n i f i c a n t l y  g rea te r  plasma c o r t i c o s te ro id  concentration 
than ACTH in je c t io n s  a t  0600 ( P < 0.05) in both i n t a c t  and L-l t ransec ted  
r a t s  but not in T-7 t ransec ted  r a t s .  Although the dai ly  var ia t ion  of 
plasma c o r t i c o s te r o id  concentration a f t e r  ACTH in jec t io n  in in ta c t  r a t s  
may be due to  a v a r ia t io n  in response to  in je c t io n  alone (sa l ine  i n j e c ­
t i o n s ) ,  such i s  not  the case in L-l t r an sec ted  r a t s .
Ether s t r e s s  a t  1000 e levated  plasma c o r t i c o s te r o id  concentrations
70
71
in i n t a c t  and L-l t ran sec ted  r a t s  (P < 0 .0 5 ) ,  but the  e the r  s t r e s s  
response was suppressed in T-7 t ransec ted  r a t s  (Fig. 3). P o s t - s t re s s  
concentrat ions were lower in T-7 t ran sec ted  r a t s  than in e i t h e r  i n t a c t  
or  L-l t ran sec ted  r a t s  (P < 0 .0 5 ) ,  ind ica t in g  t h a t  e th e r  s t r e s s  had less  
e f f e c t  in T-7 t r an sec te d  r a t s .
In the study o f  ACTH responsiveness , plasma c o r t i c o s te ro id  concen­
t r a t i o n s  a f t e r  s a l in e  in je c t io n s  were g rea te r  in L-l t ransec ted  r a t s  
than in i n t a c t  control  ( P< 0 .0 1 ) .  The enhanced response to  the s t r e s s  
of control in je c t i o n s  ind ica te s  d i f fe rences  in adrenocort ical  function 
between these  groups and places doubt on the  "control"  nature  of  L-l 
t r an sec t io n .
Figure 12. The e f f e c t  of spinal cord t ran sec t io n  on the plasma
c o r t i c o s te r o id  rhythm. Blood was drawn a t  s ix  times o f  
day from i n t a c t  male r a t s  and male r a t s  with spinal  cords 
t r an sec ted  a t  the  T-7 or L-l l e v e l .  12L:12D regime (on­
s e t  o f  l i g h t :  0600). Five to e ig h t  animals per group.
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Figure 13. E f fec t  o f  spinal  cord t r an sec t io n  on da i ly  v a r ia t ion s  in 
adrenocor t ica l  responsiveness to ACTH. Blood was drawn 
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0600). Five to e ig h t  animals per group.
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Figure 14. Ether s t r e s s  response in i n t a c t ,  
t r an sec ted  male r a t s .  Blood was 
hour a f t e r  (Post) e th e r  exposure 
(onset  of  l ig h t :  0600). Six to
T-7 t ransec ted ,  and L-l 
drawn before (Pre) and one 
a t  1000. 12L:12D regime
e ig h t  animals per group.
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DISCUSSION
The d a i ly  rhythm o f  plasma c o r t i c o s te r o i d  concentra tion depends on 
a d a i ly  rhythm of  adrenocor t ica l  responsiveness to ACTH which i s  con­
t r o l l e d  by innerva t ion  o f  the  adrenal gland (Ottenweller e t  a l . ,  1978). 
Spinal cord t r a n s e c t io n  which d is rup ted  adrenal innervation abolished 
the  plasma c o r t i c o s t e r o i d  rhythm in the  presen t  s tudy, confirming e a r ­
l i e r  r e s u l t s  which ind ica ted  th a t  adrenal innervation is  e s s e n t ia l  fo r  
the  rhythm (Allen and Allen,  1975; Ottenweller  e t  a l . ,  1978). Adrenal 
innervat ion  has been implicated in the  e leva t ion  o f  plasma c o r t i c o s t e r ­
oid concentra t ion  following hypothalamic s t im ula t ion  (Kovach e t  a l . ,
1970) and in compensatory adrenal hypertrophy following c o n t r a la t e r a l  
adrenalectomy (Engeland and Dallman, 1975).
Plasma c o r t i c o s te r o i d  concen tra t ions  following ACTH in je c t io n s  are  
g re a te r  a t  the  o f f s e t  of l i g h t  than a t  the  onset  of  l i g h t  in hypophysec- 
tomized r a t s  (Ottenweller  e t  a U , 1978), and the present  study in d ica te s  
t h a t  the  same is  t ru e  in i n t a c t  and L-l t r an sec ted  r a t s .  Although t h i s  
v a r ia t io n  of  responsiveness in i n t a c t  r a t s  might have been due to  the  
e f f e c t  o f  i n j e c t io n  a lone ,  t h i s  was not  the  case in L-l t r an sec te d  r a t s  
in which the  response to s a l in e  i n j e c t io n  was not  s i g n i f i c a n t l y  d i f f e r ­
en t  a t  the  two times o f  day. Plasma c o r t i c o s t e r o i d  concentra tions  in 
T-7 t ran sec te d  r a t s  a f t e r  e i t h e r  s a l in e  or  ACTH in je c t io n s  did not vary 
s i g n i f i c a n t l y  between the onset  and o f f s e t  of  l i g h t ,  ind ica t ing  t h a t  
d is rup t io n  o f  adrenal innerva t ion  which abolishes  the  plasma c o r t i c o ­
s t e r o id  rhythm a lso  abo l ishes  the  da i ly  v a r i a t io n  o f  adrenocor t ica l  r e ­
sponsiveness to  ACTH. Therefore  the  presen t  study supports  the  p re ­
viously presented conclusion (Ottenweller  e t  a K ,  1978), t h a t  the
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plasma c o r t i c o s te r o id  rhythm i s  the r e s u l t  o f  a rhythm of  adrenocort ical  
responsiveness to  plasma ACTH which depends on i n t a c t  adrenal innerva­
t ion .
Disruption o f  adrenal innervation by spinal  cord t ran sec t ion  sup­
pressed the  e th e r  s t r e s s  response, ind ica t ing  t h a t  adrenal innervation 
i s  an important f a c to r  in the  e th e r  s t r e s s  response. Adrenal innerva­
t io n  may increase  adrenocor t ica l  responsiveness to ACTH re leased  by the 
p i t u i t a r y  during e th e r  s t r e s s .  Therefore both adrenal innervation and 
ACTH re le a se  from the p i t u i t a r y  are  required fo r  maximal e leva t ion  of 
plasma c o r t i c o s te r o id  concentra t ion  in response to e th e r  s t r e s s .
The plasma c o r t i c o s te r o id  rhythm i s  not dependent on rhythmic r e ­
lease  o f  ACTH by the  p i t u i t a r y  (Sr ivastava  and Meier, 1972; Meier, 1976; 
Exp. I ) ,  but r a th e r  on a d a i ly  rhythm o f  adrenocor t ica l  responsiveness 
to plasma ACTH (Ottenweller  e t  a]_., 1978; the  present  s tudy).  The hypo­
thalamus has often been implicated in the  regu la t ion  o f  adrenal c o r t i c a l  
funct ion  ( fo r  review see Naumenko, 1973). I t  has been assumed th a t  
hypothalamic regu la t ion  of  the  adrenal gland i s  mediated by control  of 
ACTH re le a se  by the  p i t u i t a r y  (Krieger , 1977). However, the re  i s  a 
d i r e c t  neural pathway between the hypothalamus and the  adrenal cortex 
(Halasz and Szentagothai ,  1959; Kovach e t  al_., 1970; Engeland and 
Dali man, 1975)-. Therefore neural s igna ls  may t rave l  from a c i rcad ian  
o s c i l l a t o r  in the  hypothalamus (Kawamura and Ibuka, 1978) to the 
adrenal gland where they r e s u l t  in a d a i ly  rhythm o f  ad renocor t ica l  
responsiveness to  plasma ACTH (Ottenweller  e t  a l . ,  1978; the  p resen t  
study) which s e t s  the  phase o f  the  plasma c o r t i c o s t e r o i d  rhythm. This 
neural pathway, in conjunction with r e le a se  o f  ACTH from the  p i t u i t a r y ,  
may a lso  be involved in the  e th e r  s t r e s s  response.
GENERAL DISCUSSION 
The d a i ly  rhythm o f  plasma c o r t i co s te ro id  concentration controls 
many o th e r  physiological  rhythms (review Meier, 1975), as might be ex­
pected from the ubiquitous influence o f  c o r t i co s te ro id s  on vertebrate  
c e l l s  (Bentley, 1976). Because the plasma c o r t i c o s te ro id  rhythm i s  en­
t r a in e d  by environmental rhythms (Crichlow e t  al_., 1973; Johnson and 
Levine, 1973; Krieger, 1974; Gibbs, 1976; Morimoto e t  al_., 1977), i t  co­
o rd ina tes  physiological  rhythms with environmental rhythms and b e t t e r  
adapts an animal to  i t s  environment.
Because the  plasma ACTH rhythm p e r s i s t s  in adrenalectomized r a t s  
(Cheifetz  ert a U , 1968) and the CRH rhythm p e r s i s t s  in hypophysectomized 
r a t s  (Takebe e t  al_., 1972), i t  has been assumed th a t  the  CRH rhythm pro­
duces a plasma ACTH rhythm which in turn drives the plasma c o r t i c o s t e r ­
oid rhythm (Krieger , 1977). Presumably, a hypothalamic c i rcad ian  o s c i l ­
l a t o r  which i s  n eu ra l ly  connected to the  CRH-containing neurons o f  the 
medial basal hypothalamus (Moore and E ichler ,  1972; Kawamura and Ibuka, 
1978) co n tro l s  the  CRH rhythm. This model was chal lenged by repor ts  of  
plasma c o r t i c o s te r o i d  rhythms in hypophysectomized f i s h  and r a t s  which 
lacked a plasma ACTH rhythm (Srivastava and Meier, 1972; Meier, 1976).
The plasma c o r t i c o s te r o id  rhythm in hypophysectomized r a t s  responds 
to  invers ion  of the  LD cycle and to  an t ich o l in e rg ic  drugs in a manner 
s im i la r  to i n t a c t  r a t s  (Meier, 1976; Exp. I ) ,  ind ica t ing  t h a t  the  p i t u i ­
t a r y  (or  ACTH rhythm) i s  not pa r t  o f  the mechanism c o n t ro l l in g  the  phase 
o f  the  plasma c o r t i c o s te r o id  rhythm. A rhythm o f  adrenocro t ica l  respon­
s iveness  to  plasma ACTH is  e s se n t ia l  fo r  the  plasma c o r t i c o s te r o id  
rhythm in both hypophysectomized and i n t a c t  r a t s  (Ottenweller  e t  a l . ,
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1978; Dallman £ t  al_., 1978). This rhythm o f  responsiveness depends on 
i n t a c t  adrenal innerva t ion  (Exp. V), ind ica t ing  th a t  neural input to 
the  adrenal gland a l t e r s  adrenocort ical  responsiveness to  plasma ACTH ■ 
during the day.
The probable source of  the neural impulses which a l t e r  adrenocor t i ­
cal responsiveness to  ACTH is  the  hypothalamus. Hypothalamic les ions  
abo l ish  the plasma c o r t i c o s te r o id  rhythm (SIusher,  1964; Halasz e t  a l . ,  
1967; Palka e t  a U , 1969; Moore and Eichler ,  1972; Bouille e t  al_., 1975; 
Be l l inger  e t  a K , 1976), whereas higher centers  a re  not e ssen t ia l  for  
the  rhythm (Galic ich e t  aJL, 1965; Wilson and Critchlow, 1973; Seggie 
e t  al_., 1974; Wilson and Critchlow, 1974). In add it ion ,  hypothalamic 
s t im ula t ion  of  hypophysectomized dogs a l t e r s  co r t i co s te ro id  secre t ion  
(Kovach e t  al_., 1970), ind ica t ing  th a t  hypothalamic les ions which abol­
ish  the plasma c o r t i c o s te r o id  rhythm may a c t  independent of t h e i r  e f f e c t  
on plasma ACTH.
In l i g h t  o f  the  research on the plasma c o r t i c o s te ro id  rhythm, i t  
i s  l i k e l y  t h a t  a c i rcad ian  o s c i l l a t o r  in the  hypothalamus i s  coupled to 
the adrenal gland by a neural pathway which a l t e r s  adrenocort ical  r e ­
sponsiveness to  plasma ACTH during the day. Such a pathway i s  rep re ­
sented by the s t r u c tu r e s  diagrammed in Fig. 1. The pathway i s  divided 
in to  s t im ula tory  and in h ib i to ry  pa r ts  because intermediate  plasma c o r ­
t i c o s t e r o i d  concentra t ions  during the day a f t e r  d isrup t ion  of adrenal 
innerva t ion  (Exps. IV and V) ind ica te  ac t ive  s t imula tory  and in h ib i to ry  
phases in the control  o f  plasma c o r t i c o s te ro id  concentra tions during 
the  day. The following discussion presents  the  research supporting 
t h i s  model
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Figure 15. Diagram of  s t im ula to ry  and in h ib i to ry  pathways which are 
thought to  regu la te  the  plasma c o r t i c o s te r o id  rhythm.
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Circadian rhythms of  s ing le  un i t  neural a c t i v i t y  are  present  in the 
ventromedial nucleus (VMN) and the  l a t e r a l  hypothalamic area (LHA).
Both these  rhythms and the plasma c o r t i c o s te ro id  rhythm are  abolished 
by f ron ta l  d ea f fe ren ta t io n  o f  the  hypothalamus (Bouille e t  al_., 1975; 
Koizumi and Nishino, 1976; Phelps e t  a K , 1978), ind ica t ing  t h a t  a c i r ­
cadian o s c i l l a t o r  which contro ls  these rhythms must be a n t e r io r  to the 
VMN and LHA. Anter ior  connections with the hypothalamus p ro jec t  from 
the suprachiasmatic  nucleus,  the limbic system (hippocampus, amygdala, 
and septum), and the raphe nucleus. Although the SCN is  necessary for  
photoperiodic  entrainment (Moore and Eichler ,  1972; Stephan and Zucker, 
1972), the  plasma c o r t i c o s te r o id  rhythm and the re fo re  the  c i rcad ian  os­
c i l l a t o r  are  en tra ined  by r e s t r i c t e d  feeding regimes in SCN-lesioned 
r a t s  (Krieger e t  a]_., 1977). In sp i t e  of t h i s ,  some researchers  s t i l l  
th ink  t h a t  the  c ircad ian  o s c i l l a t o r  i s  located in the SCN (Kawamura and 
Ibuka, 1978). Extensive les ions  of the  limbic system (Galicich e t  a l ■, 
1965; Bouil le  and Bayle, 1973; Seggie elt al_., 1974; Wilson and Critchlow, 
1974) and the raphe nucleus (Bales t rery  and Moberg, 1976) do not abolish 
the plasma c o r t i c o s te r o id  rhythm, ind ica t ing  t h a t  these  s t ru c tu re s  are  
a lso  not  e s se n t ia l  pa r ts  o f  the  c ircad ian  o s c i l l a t o r .
Frontal d ea f fe ren ta t io n  o f  the  hypothalamus usual ly  involves sec ­
t ion ing  nerves a t  the  level o f  the  op t ic  chiasma, which destroys the 
connections of a small area o f  the  a n te r io r  hypothalamus and the pre­
o p t ic  area with the  remainder o f  the hypothalamus (Szentagothai e t  a l . ,  
1965). Lesions in the a n t e r io r  hypothalamus abolish  the  plasma c o r t i c o ­
s t e r o id  rhythm (Slusher , 1964). Atropine implants in the  a n t e r io r  hypo­
thalamus decrease plasma c o r t i c o s te r o id  concentra t ion  (Hedge and Smelik, 
1968), in d ica t in g  t h a t  a c t i v i t y  o f  cho l inerg ic  neurons in t h i s  area
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e leva tes  plasma c o r t i c o s te r o i d  concentra t ion .  Serotonin (5-HT), 
Norephinephrine (NE), and dopamine (DA) rhythms are  p resen t  in the an­
t e r i o r  hypothalamus; t h e i r  a c t i v i t i e s  may a lso  control plasma co r t i co ­
s t e r o id  concentra t ions  (Dixi t  and Buckely, 1967; Krieger and Rizzo,
1969; Naumenko, 1973; Scapagnini e t  a K , 1971; Simon and George, 1975). 
Because adrenal blood flow a f f e c t s  c o r t i c o s te ro id  secre t ion  (Urquhart, 
1965; Kovach e t  a_K , 1970; L'Age e t  al_., 1970), i t  i s  important to  note 
t h a t  a small area o f  the  a n t e r io r  hypothalamus is  important in vasomotor 
control  (Fol kow e t  al_., 1959).
A c ircad ian  rhythm o f  m ult ip le  un i t  neural a c t i v i t y  i s  present  in 
the p re -o p t ic  a rea ,  and t h i s  rhythm may be re la te d  to  the  plasma c o r t i ­
cos te ro id  rhythm (Johnson e t  al_., 1971). In co n tra s t  to the a n te r io r  
hypothalamus, e l e c t r i c a l  and chemical s t imula t ion  of  the  p re-op t ic  area 
decreases plasma c o r t i c o s te r o id  concentra t ion (Suzuki e t  al_., 1960; 
Slusher  and Hyde, 1966;. Endroczi e t  al_., 1963). The c ircad ian  o s c i l l a ­
t o r  appears to  be composed of  a s t im ula tory  area in the a n te r io r  hypo­
thalamus and an in h ib i to r y  area in the p re -op t ic  area. In the  r a t ,  an­
t e r i o r  hypothalamic a c t i v i t y  dominates near the onset of  darkness and 
through the  dark per iod ,  whereas p re -o p t ic  a c t i v i t y  dominates near the 
onset  of  l i g h t  and through the l i g h t  period.
Neural pathways from the c i rcad ian  o s c i l l a t o r s  in the  a n te r io r  
hypothalamus and p re -o p t ic  area p ro jec t  p o s te r io r ly  with s t imula tory  
pathways being more medial and ventral  (VMN) than in h ib i to ry  pathways 
(LHA). Many experiments have ind ica ted  the  e s se n t ia l  na ture  o f  the  VMN 
in regu la t ing  the plasma c o r t i c o s te r o i d  concentra t ion (Brodish, 1963; 
Slusher,  1964; H a l a s z e t a K , 1967; Bohus e t  a h , 1968; Kovach e t  a l . ,  
1970; B e l l inger  e t  al_., 1976). The VMN i s  the  co r t ico p hy s io t ro p ic  area
86
with CRH-containing neurons p ro jec t ing  into th e  median eminence, and so
resea rche rs  have assumed t h a t  the VMN a l t e r s  plasma c o r t i c o s te ro id  con-
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cen t ra t io n  by a l t e r i n g  the re lease  o f  CRH and ACTH (Krieger,  1977). 
However, both e l e c t r i c a l  and chemical s t imulation o f  the  VMN can a l t e r  
plasma c o r t i c o s te r o id  concentration without re lease  o f  ACTH from the 
p i t u i t a r y  (Kovach et. a l . . , 1970; Krieger and Krieger, 1970).
Circadian rhythms of both s ing le  and mult iple  u n i t  neural a c t i v i t y  
are  p resent  in the  VMN and are  in phase with the  plasma c o r t i c o s te ro id  
rhythm (Koizumi and Nishino, 1976; Bouille and Bayle, 1976). E lec t r ica l  
and chemical s t imula t ion  of the VMN increases plasma c o r t i c o s te ro id  con­
c en t ra t io n  (Endroczi e t  a l . , 1963; Krieger and Krieger,  1970), and e le c ­
t r i c a l  s t im ula t ion  has t h i s  e f f e c t  in the absence of  the p i t u i t a r y  
(Kovach e t  al_., 1970). Lesions of  the VMN abolish  the  plasma c o r t i c o ­
s t e r o id  rhythm (Bell inger  e t  al_., 1976).
The c i rcad ian  rhythm of  s ing le  un i t  neural a c t i v i t y  in the LHA is 
180° out of phase with the rhythm in the  VMN, and the a c t i v i t i e s  of 
these  cen ters  are  mutually in h ib i to ry .  Chemical and e l e c t r i c a l  stimu­
la t i o n  of  the  LHA decreases plasma c o r t i c o s te ro id  concentra t ion 
(Endroczi and Lissak,  1963; Endroczi e t  al_., 1963), and e l e c t r i c a l  
s t im ula t ion  of  the  LHA has t h i s  e f f e c t  in hypophysectomized animals 
(Kovach e t  al_., 1970). Because the  rhythms of  neural a c t i v i t y  in the 
LHA responds to plasma glucose and osmolarity in a p hase-spec i f ic  man­
ner (Schmitt ,  1973), the  LHA may be the  point  a t  which feeding and wat­
e r ing  regimes a c t  to  en tra in  the c i rcad ian  o s c i l l a t o r  and plasma c o r t i ­
co s te ro id  rhythm.
Neural connections between the hypothalamus and the  vasomotor cen­
t e r  include again ventromedial s t im ula tory  and d o rso la te ra l  in h ib i to ry
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pathways. E le c t r i ca l  and chemical s t imula t ion  o f  the  mammillary body 
and ventral  tegmentum increase plasma c o r t i c o s te r o id  concentra tion,  
whereas s t im ula t ion  of  the p o s te r io r  subthalamus and dorsal tegmentum 
decrease i t  (Endroczi and Lissak, 1963; Endroczi e t  a K , 1963). Elec­
t r i c a l  s t im ula t ion  o f  the mammillary body and ventral  tegmentum also 
has a s t imula tory  e f f e c t  in hypophysectomized animals (Kovach e t  a]_., 
1970).
The vasomotor cen ters  in the  p o s te r io r  pontine and a n te r io r  medul­
l a ry  areas  are  included in the  pathway because adrenal blood flow a l t e r s  
c o r t i c o s te r o id  sec re t ion  (Bush, 1953; Urquhart,  1965; Kovach e t  a l . ,  
1970; L'Age e t  eH., 1970). In p a r t i c u l a r ,  e l e c t r i c a l  s t imula t ion  of  the 
hypothalamus and lower brain stem increases  adrenal blood flow and cor­
t i c o s t e r o i d  sec re t ion  in a s im i la r  manner in hypophysectomized animals 
(Kovach e t  al_., 1970). In ad d i t io n ,  many brain cen te rs  which control 
plasma c o r t i c o s te r o id  concentrat ion (see above) are  involved in vasomo­
t o r  control  (Folkow e t  aK» 1959; Manning and Pe iss ,  1960; Mountcastle,
1974). The d o rso la te ra l  p a r t  of  the  vasomotor cen te r  i s  vasocons t r ic ­
t i v e ,  whereas the  ventromedial p a r t  i s  v asod i la to ry ;  these  two areas 
a re  mutually in h ib i to ry  (Mountcastle, 1974).
The in te rm edio la te ra l  ce l l  column o f  the  spinal cord contains vaso­
motor f ib e r s  which e x i t  the  cord between the  f i r s t  th o rac ic  and t h i r d  
lumbar ver tebrae .  The g rea te r  splanchnic  nerve c o n s i s t s  of f ib e r s  o r i g ­
ina t ing  between the f i f t h  and ten th  tho rac ic  ver tebrae  and i s  the main 
source o f  nerve f i b e r s  innervating the adrenal cortex  (Kiss , 1951). 
Splanchnic nerve s t im ula t ion  increases  c o r t i c o s t e r o i d  se c re t io n  by the 
adrenal cor tex  (Voight, 1944), and sec t ion  of  the  nerve decreases adren­
al blood flow and c o r t i c o s te r o i d  se c re t io n  (Bush, 1953). Because spinal
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cord t r a n sec t io n  a t  the  T-7 level  abolishes the  da i ly  rhythms of  
plasma c o r t i c o s te r o id  concentra tion and adrenocortical  responsiveness 
to  plasma ACTH (Exp. V), the  g re a te r  splanchnic nerve may conduct im­
pulses  t h a t  a l t e r  adrenal blood flow and thus adrenocort ica l  responsive­
ness to  plasma ACTH.
Although the  pathway ou t l ined  above is  supported by anatomical e v i ­
dence and the r e s u l t s  o f  e l e c t r i c a l  and chemical s t imula tion s tu d ie s ,  
the  functional  i n t e g r i t y  of  such a pathway would be i t s  s t ro ng es t  sup­
port .  Light on the r e t in a  or e l e c t r i c a l  s t imula t ion  of  the o p t ic  nerve 
e x c i te  ce r ta in  groups of  neurons in the  suprachiasmatic nucleus which 
i n h ib i t  the a c t i v i t y  of  cerv ica l  sympathetic nerves by a pathway which 
includes the VMN and LHA (Koizumi and Nishino, 1976; Nishino e t  a l . ,
1976). In a d d i t io n ,  rhythms o f  neuro t ransm it te r  concentra tion in the 
a n te r io r  hypothalamus are  in phase with s im i la r  rhythms in the  cerv ica l  
spinal cord (Reis e t  al_., 1968; Reis e t  a L , 1969; Simon and George,
1975). These experiments suggest  t h a t  the  neural pathways proposed fo r  
control  o f  the  plasma c o r t i c o s te r o id  rhythm funct ion rhythmically  as 
s t im ula tory  or in h ib i to r y  un i ts .
I t  i s  important  to note t h a t  t h i s  model only includes evidence of  
a neural pathway between a c i rcad ian  o s c i l l a t o r  in the  hypothalamus and 
the  adrenal gland to  demonstrate the  p o s s i b i l i t y  of such a pathway th a t  
could regu la te  the  plasma c o r t i c o s te r o id  rhythm. A discussion o f  a l l  
the  fac to rs  involved in the  regu la t ion  o f  the  plasma c o r t i c o s te r o id  
rhythm i s  beyond the  scope of the  d iscussion.
In summary, n e i th e r  the  plasma ACTH rhythm nor the  p i t u i t a r y  i s  an 
e s se n t ia l  p a r t  o f  the  mechanism by which the phase o f  the  plasma c o r t i ­
cos te ro id  rhythm i s  s e t .  Rather, a pu ta t iv e  c ircad ian  o s c i l l a t o r  in
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a n te r io r  hypothalamic area s e t s  the  phase of  the  plasma co r t i co s te ro id  
rhythm by d i r e c t  neural  connections between t h i s  o s c i l l a t o r  and the 
adrenal gland. Both s t imula tory  and in h ib i to ry  neural pathways are  i n ­
volved in producing the  plasma c o r t i c o s te r o id  rhythm, and they pass 
through the  diencephalon, telencephalon,  and the spinal cord. A dai ly  
rhythm of  neural a c t i v i t y  in the  g re a te r  splanchnic nerve produces a 
rhythm of adrenocor t ica l  responsiveness to plasma ACTH which se ts  the 
phase of  the plasma c o r t i c o s te r o id  rhythm.
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